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PRKFATORY  NOTE. 


The  monographs  contained  in  the  following  pages  are  the  results 
of  such  investigations  as  readied  a  successful  conclusion  during  the 
first  year  of  the  existence  of  the  laboratory.  The  first  of  them  is 
essentially  a  thesis  accepted  by  the  university  for  the  degree  of  Ph.D. 

In  the  computation  of  results  it  was  not  deemed  advisable  during 
the  first  year  of  our  work  to  depart  from  the  usual  psychological 
method  of  taking  the  average  deviation  (or  mean  variation)  as  the 
mean  of  the  absolute  diflFerences  of  the  observed  values  from  the 
arithmetical  average  of  the  observations.  MV  means  the  same  as 
in  most  other  psychological  publications,  i.  e. 

^^,  +  ■«,+  ...  +v« 


MV  = 


n 


where  v,,  v,,  .  .  .,  v„  arc  the  differences  of  the  single  observations 
from  their  average,  taken  without  regard  to  sign,  and  w  is  the  num- 
ber of  observations.  We  propose,  however,  in  the  future  to  follow 
with  such  modifications  as  necessary  the  methods  of  the  science  of 
measurement  as  developed  by  Gauss.  The  sign  "  means  thousandths 
of  a  second. 


INVESTIGATIONS  IN  REACTION-TIME  AND  ATTENTION 


BY 


Charles  B.  Bliss,  Ph.D. 


Introduction. 

The  work  described  in  the  following  pages  occupied  the  greater 
part  of  my  time  during  the  academical  year  1892-93.  As  I  was 
the  first  to  carry  on  such  experiments  in  the  Yale  psychologi- 
cal laboratory,  a  large  part  of  my  fall  term  was  spent  in  preparing 
the  apparatus  and  in  developing  a  method  which  should  serve  for 
all  future  experiments.  The  result  is  a  method  for  measuring 
reaction-time  which  is  in  some  parts  entirely  new.  In  operation 
it  is  simple  and  accurate,  having  been  built  up  step  by  step  as  the 
needs  required.  In  the  hope  that  the  whole  or  parts  of  it  will  be  of 
value  to  other  laboratories,  the  description  has  been  made  as  com- 
plete as  seemed  necessary. 

In  the  experimental  part  of  the  work  I  am  especially  indebted  to 
the  following  persons  for  valuable  time  which  they  have  spent  in 
the  reaction -room.  To  Messrs.  Thomas  J.  Llovd,  William  I.  Cran- 
ford  and  Joshua  A.  Gilbert  of  the  Graduate  Department,  and  to 
Mr.  Joseph  Roby,  a  member  of  the  senior  class  in  Yale  College. 

During  the  second  term,  Abraham  Fisher,  the  laboratory  steward, 
recorded  all  the  experiments,  thus  leaving  me  free  to  do  my  own 
reacting.  The  advantage  of  doing  my  own  introspective  observing 
was  an  important  one. 

Dr.  Scripture  not  only  suggested  the  first  problem  but  has  always 
been  ready  to  assist  me  in  carrying  out  the  experiments  and  in 
arranging  the  apparatus.  In  fact,  parts  of  the  apparatus  were  in- 
vented by  him.  One  line  of  research  was  carried  out  at  the  sugges- 
tion of  Professor  Ladd,  who  has  always  shown  a  kindly  interest  in 
my  work. 

In  the  drawing  of  the  diagrams  valuable  suggestions  were  received 
from  Mr.  Walter  I.  Lowe,  a  member  of  the  Graduate  Department. 
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2  Investigations  in  reaction-time  and  attention. 

Appabatus. 

Apparatus  for  measuring  reaction-time  must  furnish  some  means 
for  giving  the  reactor  a  stimulus  and  for  measuring  the  interval  of 
time  between  the  moment  in  which  the  stimulus  is  given,  and  that  in 
which  the  reaction  takes  place.  The  time-measurement  must  be 
accurate  to  thousandths  of  a  second  and  the  person  experimented 
upon  must,  so  far  as  possible,  be  free  from  all  influences  which  would 
distract  his  attention. 

This  last  requirement  was  met  by  placing  the  reactor  in  a  sepa- 
rate room,  so  constructed  as  to  be  free  from  light  and  sound.  In  the 
center  of  the  building  a  room  was  finished  off,  twelve  feet  long,  nine 
feet  wide  and  nine  feet  high.  Inside  of  this  room  a  smaller  one  was 
constructed  with  a  door  and  verttilator  corresponding  to  those  of  the 
outer  room.  This  inner  room  was  supported  on  thick  cushions  of 
felt  and  rubber,  the  only  connection  with  the  outer  room  being 
heavy  canvas  around  the  doors  and  the  ventilators  for  the  purpose 
of  holding  back  the  sawdust  with  which  the  space  between  the  two 
wails  was  filled.  The  door  was  likewise  made  double  with  beveled 
edges,  like  a  safe  door,  so  that  it  shut  tightly  against  the  canvas 
connecting  the  two  rooms.  A  thick  mat,  made  of  hair  felt  and  cov- 
ered with  cloth,  was  hung  up  over  the  door  on  the  inside.  This 
acted  like  a  heavy  curtain  to  check  any  sounds  which  might  creep  in 
around  the  door. 

During  the  experiments  the  door  of  the  dark  room  was  not  shut 
more  than  five  or  ten  minutes  at  a  time.  For  that  period  the  ven- 
tilator could  be  kept  closed  without  producing  any  bad  effects.  In 
the  case  of  longer  experiments  it  is  proposed  to  open  a  ventilator  in 
the  floor  and  pass  a  current  of  air  through  the  room  by  means  of  a 
blower.  The  ventilators  can  then  be  packed  with  wool  or  some  other 
material,  which  will  allow  the  passage  of  air,  but  effectually  shut  out 
all  sound.  The  experiments  described  in  this  paper  were  all  taken  in 
the  winter,  and  the  tem)>erature  of  the  room  was  the  same  as  that  of 
the  rest  of  the  building.  Very  loud  sounds  in  adjacent  rooms  can 
still  be  heard  in  the  reaction-room.  Heavy  wagons,  which  occa- 
sionally i>ass  along  the  street,  jar  the  whole  building  and  with  it  this 
nnnu  :  the  shaking  can  be  felt  but  not  heard.  When  the  adjacent 
rooms  art*  kept  quiet,  the  n»action-rooni  is  free  from  sound.  The 
ri\^otor  is  thus  pniotically  removed  from  all  external  disturbances  in 
siirht  or  heariuir. 

Thon^  an^  twi>  methods  in  use  for  measuring  intervals  of  time  to 
thous;indths  of  a  s<vond,  the  graphic  method  and  that  of  the  chrono- 
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8cope.  The  Hipp  chronoscope  is  the  most  perfect  piece  of  mechauism 
thus  far  constructed  for  recording  such  short  intervals  of  time  on  a 
dial.  An  immense  amount  of  time  and  labor  has  been  spent  in  per- 
fecting this  chronoscope  and  in  investigating  its  accuracy.  In  its 
most  perfect  form  there  is  always  a  very  large  error  in  the  results  as 
they  are  read  off  from  the  dial.  This  error  depends  on  the  relative 
strength  of  the  electric  current  passing  through  it  and  that  of  a 
spring  which  pulls  back  the  armature  when  the  circuit  is  broken.  A 
control -apparatus  must  be  used  which  consists  of  a  hammer  so 
arranged  that  it  can  be  made  to  fall  certain  distances.  The  time 
required  for  this  fall  is  carefully  measured  by  the  graphic  method 
and  the  spring  of  the  chronoscope  adjusted  until  the  chronoscope 
itself  measures  the  time  of  fall  with  the  same  result.  Other  times 
are  accurately  obtained  by  correcting  the  recorded  results.  The 
chronoscope  in  one  of  its  forms  is  then  accurate  only  for  times  of 
about  that  length.  G.  E.  Mullee  claimed'  that  MOnsterberg's 
experiments  contain  a  large  error  even  though  he  had  corrected 
his  chronoscope  by  a  control-hammer.  That  particular  hammer 
was  made  to  correct  the  chronoscope  for  intervals  of  160  thou- 
sandths of  a  second,  whereas  many  of  Mtlnsterberg's  experiments 
gave  times  as  high  as  half  a  second.  Although  MQnsterberg  seems 
to  have  avoided  the  error  supposed,  yet  the  danger  is  evident.  A 
more  elaborate  control-hammer  has  been  constructed  by  Wundt.' 
By  means  of  this  hammer  correct  times  can  be  given  up  to  616 
thousandths  of  a  second.  The  mean  variation  of  this  hammer  in 
200  experiments  was  1.04  thousandths  of  a  second.  The  mean  varia- 
tion of  chronoscope  and  hammer  combined  was  also  1.04^.  This, 
the  best  result  which  has  yet  been  obtained  from  the  chronoscope, 
is  ten  times  as  great  as  the  mean  variation  of  the  graphic  method  in 
its  simple  form.' 

In  the  graphic  method  a  tuning-fork,  kept  in  constant  vibration  by 
a  current  of  electricity,  is  allowed  to  trace  a  curve  on  a  revolving 
drum  covered  with  smoked  paper.  This  gives  a  representation  of  a 
period  of  time  divided  according  to  the  rapidity  with  which  the  fork 
vibrates.  Using  a  fork  which  vibrates  one  hundred  times  a  second 
the  drum  is  revolved  with  such  rapidity  that  the  single  waves  are  so 
long  that  we  make  no  error  in  estimating  tenths  of  a  vibration  and 
so  reading  the  results  in  thousandths  of  a  second. 

*  GQtting^sche  gelehrt^-Anzeigen,  1891,  p.  398. 

*  K0LPB  and  Kirschmajtn,  Ein  neuer  Apparat  zum  ControU  zeitmessend^r  In- 
strumenU,  PhU.  Stud.  1892  Vn  145. 

»  WuNDT,  Physiol.  Psych.  3  ed.  II  282. 


fdoii-iime  'itid  iiUentioti. 


Now,  given  thU  tuning-fork  i-urve,  all  that  in  needed  is  Home 
mftliod  of  repistterine  alotiprtidv  of  it  thi-  i-xact  iiiHtants  at  which  the 
stimulus  and   the    rcitctinn  ociur.     Fijr.    1   kIiowh  the  usual  way  in 


which  this  is  done.  The  ii])]ier  cuire  is  drawn  by  the  recording 
point  of  a  tuning-fork  which  vihratex  one  hundrtMl  times  a  secood. 
The  other  two  lines  are  drawn  by  electro-magnetic  time-marken, 
The  current  pansing  througli  one  passes  also  through  the  key  whose 
closing  produces  the  stimulus.  The  current  through  the  other  pau» 
through  a  key  in  the  react  ion -room.  The  movement  of  each  key  ii 
thus  recorded  by  a  break  in  the  straight  line  drawn  by  its  time- 
marker.  Tliese  {Hiints  are  then  transferriHl  to  the  tuning-fork  curve 
by  dropping  perjwndiculars  from  the  ]>oi»ts  to  the  curve.  The 
measure  of  the  time  which  has  elap.ied  between  the  movement  of 
the  two  keys  can  then  be  counted  off  on  tile  time-curve. 

The  objection  to  the  use  of  this  method  in  making  a  large  number 
of  experiments  is  that  it  takes  a  long  time  to  drop  the  perpendic- 
ulars and  that  great  variable  errors  are  likely  at  the  two  puinti. 
These  errors  are  incrcawd  by  the  fact  that  the  time-markers  muitt  be 
adjusted  so  that  they  shall  both  touch  the  drum  in  the  same  per- 
]>endicnlar  line.  Moreover,  the  latent  times  of  the  markers  may  not 
be  tlie 


An  impnivcment  u]K)n  this 
with  one  of  the  markers.  T 
keys  and  through  one   tiine- 


iiethml  has  been  made  by  doing  away 
>  same  current  is  passed  through  both 
larkcr.     ]'"ig.  2  shows  a  measuremeDt 


made  by  this  method.  Closing  the  stimulus-key  draws  the  lever  of 
the  marker  toward  its  magnet,  making  a  break  in  the  atraight  lioe. 
Opening  the  key  in  the  reaction -room  breaks  the  circuit  and  allow! 
the  lever  to  fly  back  again,  thus  making  a  second  break  in  the  aame 
straight  line.  These  two  points  are  transferred  to  the  time-cuire 
and  the  interval  is  counted  olf  as  before.     The  result  is  that  the 
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number  of  lines  on  the  smoked  paper  is  reduced  by  one-third,  allow- 
ing more  experiments  to  be  taken  on  the  same  paper  and  making  the 
records  easier  to  count.  But  more  important  than  this  is  the  fact 
that  one  large  source  of  error  is  removed.  The  accuracy  of  the 
result  no  longer  depends  on  the  adjustment  of  the  two  markers  so 
that  they  shall  touch  the  drum  in  the  same  horizontal  line. 

The  latent  time  for  the  two  movements  is  generally  different. 
And  there  still  remains  an  error  and  a  great  loss  of  time  in  trans- 
ferring the  two  points  to  the  time-curve.  What  is  wanted  is  some 
means  of  registering  the  interval  directly  upon  the  curve  itself. 
This  has  been  accomplished  after  trial  of  various  methods.  The 
first  suggestion  was  to  arrange  an  apparatus  so  that  the  stimulus- 
key  when  it  was  closed  should  start  the  curve  and  the  reaction -key 
stop  it  by  being  opened.  This  was  done  by  taking  the  fork  from 
the  drum  and  replacing  it  by  one  of  the  electro-magnetic  markers. 
The  current  was  run  through  the  tuning-fork,  the  time-marker  and 
the  reaction-key,  but  it  was  short-circuited  through  the  stimulus-key. 


Fig.  3. 

As  long  as  the  stimulus-key  remained  untouched,  the  marker  did 
not  vibrate;  but  as  soon  as  it  was  touched,  the  record  began.  When 
the  reaction-key  was  pressed,  the  entire  circuit  was  broken  and  the 
record  ceased.     Such  a  record  is  shown  in  fig.  3. 

At  first  sight  this  might  appear  to  solve  the  problem  but  a  closer 
examination  shows  that  this  is  not  the  case. 

Fig.  4  shows  the  way  in  which  the  Pfeil  marker  works.  B  is  the 
battery,  F  the  tuning-fork,  M  an  electro-magnet,  S  a  steel  armature 
which  serves  as  a  spring  ;  the  lever  is  attached  at  O.  This  lever 
swings  on  a  pivot  at  H;  when  the  circuit  is  complete  the  vibration  of 
the  fork  alternately  makes  and  breaks  the  current  at  X.  As  soon  as 
it  is  made  the  coil  in  the  fork  becomes  a  magnet,  pulls  the  prongs 
inward  and  breaks  the  circuit.  This  dt^magnetizes  the  coil,  the 
prongs  fly  back  and  the  i)roces8  is  repeated  indefinitely.  But  when 
the  current  is  closed  at  X,  the  magnet  M  draws  down  the  arma- 
ture and  its  lever.  When  the  current  is  broken  in  the  fork  the 
armature  flies  back  carrying  the  lever  with  it.  Thus  the  point  P 
vibrates  in  unison  with  the  fork. 
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Let  CDE  be  a  section  of  the  curve  which  woald  be  traced  by  the 
marker.  From  C  to  D  the  motion  of  the  point  comes  from  the 
spring  that  causes  the  armature  to  fir  back.  From  D  to  £  the  mo- 
tive force  is  a  combination  of  the  spring  and  the  magnet.  Xow  if 
the  stimulus-key,  which  starts  the  current  through  the  marker,  is 
opened  between  C  and  D,  no  effect  will  be  produced  until  the  point 
D  is  reached  for  no  current  is  passing  through  the  circuit.  There- 
fore the  chances  are  one  in  two  that  the  beginning  of  the  moyement 
will  be  too  late  bv  anywhere  from  0  to  5*^,  the  section  of  the  carve 
from  (•  to  E  being  10*^  with  a  tuning-fork  which  vibrates  100  times  a 
second. 


Fi«.  4. 

At  the  end  of  the  interval  the  case  is  not  quite  so  clear.  If  the 
reaction-kev  breaks  the  circuit  between  C  ami  D,  there  will  be  no 
effect  until  the  ])oint  D  is  reached.  But,  unlike  the  beginning,  the 
effect  will  not  be  shown  at  D.  For,  when  tiie  marker  is  in  motion 
the  motive  force,  between  I)  and  E  is  a  combination  of  the  spring 
and  the  magnet.  Near  I)  the  spring  is  stretduMl.  The  tension  grad- 
ually decreases  passing  from  a  positive  to  a  neirative  <juantity  some- 
where below  the  middle  point,  while  the  force  of  the  magnet  grad- 
ually increases  the  nearer  the  armature  approaches  it.  Therefore  the 
effect  of  a  break  in  the  current  is  not  shown  until  the  magnetic 
component  of  the  motive  force  reaches  a  ct»rtain  strength  in  |)roj)or- 
tion  to  that  of  the  spring  before  it  is  interrupted.  Suppose  that  this 
takes  place  when  three-fifths  of  the  distance  DE  have  been  passed 
over,  then  the  chances  are  seven  to  ten  that  the  end  of  the  interval 
will  be  registered  anywhere  from  0  to  7^  too  late. 

In  a  large  number  of  experiments  these  errors  at  the  beginning 
and  end  would  partially  balance  each  otlier,  but  their  presence  won  Id 
still  be  shown  by  the  large  mean  variation.  The  beginnings  wuuld 
on  the  averaore  be  1.25"  too  late  and  the  ends  too  late  bv  2.45'^.  In 
a  small  number  of  experiments  the  results  are  not  accurate  beyond 
hundredths  of  a  second.  By  using  a  fork  which  vibrates  500  times 
a  secon<l,  the  error  would  be  reduced  to  2^  and  by  using  a  fork 
vibrating  2000  times  a  second,  the  method   would  be  accurate  to 
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thousandths  of  a  second.  This  however  is  impossible  since  the  time- 
markers  are  not  delicate  enough  to  record  such  rapid  vibrations. 
Even  if  they  were,  the  task  of  counting  so  many  wave-lengths  would 
render  the  method  of  no  practical  use. 

The  next  step  was  to  arrange  the  apparatus  so  that  the  time- 
marker  vibrated  continually  in  unison  with  the  tuning-fork,  but  yet 


Fig.  5. 

so  that  closing  the  stimulus-key  sent  an  additional  current  through 
the  time-marker,  which  additional  current  was  released  by  opening 
the  key  in  the  reaction -room.  The  result  is  shown  in  fig.  5. 
During  the  interval  to  be  measured  the  vibration  of  the  marker 
continues  in  a  different  line  from  that  of  the  normal  time-curve. 
Here  we  have  the  beginning  and  end  of  the  interval  accurately 
marked.  By  adjusting  the  strength  of  the  two  currents  and  the 
rapidity  of  the  drum,  this  method  will  probably  be  quite  successful. 
If  so,  it  will  be  superior  to  any  other  method  heretofore  used.  It  is 
possible  however  only  with  the  Pf  eil  marker  which  has  a  steel  spring 
as  shown  in  fig.  4  ;  for  it  consists  in  a  partial  magnetization  of  the 
electro-magnet  which  draws  the  spring  part  way  but  still  leaves 
room  for  it  to  be  affected  by  the  current  passing  through  the  tuning- 
fork. 

This  method  was  not  used  in  the  following  experiments  for  the 
reason  that  a  much  better  plan  suggested  itself.  Instead  of  trying 
to  change  the  curve  to  mark  the  beginning  and  end  of  the  interval 
the  apparatus  was  so  arranged  that  closing  the  stimulus-key  broke 
the  primary  current  of  a  sp^rk-coil  and  sent  a  spark  from  the  tuning- 
fork  to  the  metal  drum  through  the  smoked  paper.  Opening  the 
key  in  the  reaction-room  likewise  broke  the  same  current  and  sent 
another  spark  through  the  smoked  paper.      Fig.    6   gives   a  speci- 


Fig.  0. 

men  record  taken  by  this  method.  Here  we  have  both  ends  of  the 
interval  marked  exactly,  there  is  no  time  lost  and  no  error  arising 
from  transferring  the  interval  to  the  time-curve  or  in  adjusting  the 
markers  on  the  drum. 
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The  question  now  ariftcs  whether  the  opark  oocura  at  the  exact 
time  the  pritnan-  eircuit  of  the  spark-coil  is  broken.  In  a  large 
dynamo  the  sfjark  might  he  delayed  several  seconds,  but  in  a  small 
coil  such  as  is  used  for  this  puq)oae  there  is  no  delay  sufficient  to 
affect  the  result.  Fig.  T  is  one  of  a  series  of  experiments  made 
to  test  this  point.  The  time-curve  represents  hundredths  of  a  second. 
The  straight  line  was  drawn  by  a  pointer  attached  to  the  lever  of  a 
key,  the  least  motion  of  which  broke  the  primary  current  of  the 
spark-coil,  sending  a  spark  from  the  key  to  the  drum  through  the 
smoked  paper.     None  of  these  experiments  show  any  latent  time. 


Fig.  7. 

Even  if  there  were  a  latent  time  which  could  be  detected  by  read- 
ing to  ten-thousandths  of  a  second,  that  would  not  affect  the  relia- 
bility of  measurements  taken  by  this  means.  For  the  same  coil, 
under  the  same  conditions,  this  latent  time  would  remain  conetaot. 
The  spark  which  marks  the  end  <tf  the  interval  would  \>e  delayed 
just  as  much  as  the  spark  which  marks  the  beginning  ;  the  interval 
between  the  two  would  be  exactly  the  same  as  though  both  sparks 
were  in  their  proper  places. 

Presupposing  the  accuracy  of  the  tuning-fork,  this  method  is  ab- 
solutely accurate  to  thousandths  of  a  second.  In  counting  the 
records  one  falls  into  the  habit  of  counting  by  threes,  making  use  of 
the  psychological  fact  that  three  things  can  be  kept  in  consciousness 
at  the  same  time  as  easily  as  one.  In  this  way  a  paper  containing 
twenty-two  records  of  simple  reaction-time  can  he  counted  in  four 
minutes.  This  is  a  much  shorter  time  than  is  rcquiri'il  to  i-ecord  the 
readings  of  the  Hipp  chronoscope  and  correct  tticiu  for  the  variable 
error. 

The  only  justification  for  the  \im  of  the  chi-onosco]K'  lies  in  the 
supposition  that  it  saves  time.  The  methoil  here  described  is  much 
simpler  and  <]uicker,  in  addition  to  being  absolutely  accurate  For 
simple  reaction-time  this  method  is  far  mort;  accurate  and  rapid  than 
any  hitherto  described.  But  for  longer  times,  such  as  iiswxiation- 
time  or  disi^rimination-time,  some  easier  methoil  must  be  di-visc.l  for 
counting  the  records.  It  is  suggesU-d  that  another  time-marker  bo 
placed  on  the  drum ;  this  marker  to  he  connected  witli  a  pentiulum 
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or  clock  work  which  shall  mark  every  third  or  fourth  wave  of  the 
tuning-fork  curve.  With  this  assistance  it  will  be  possible  to  count 
long  records  quickly  and  accurately. 

Two  drums  were  used  in  these  experiments,  an  electric  drum  and 
a  Konig  drum. 

The  electric  drum  consists  of  a  brass  cylinder  mounted  on  iron 
brackets  so  as  to  turn  on  its  axis.  It  is  rotated  by  a  small  electric 
motor  clamped  to  the  right  side  of  the  table.  Linen  thread  serves 
for  a  belt.  The  tuning-fork,  or  the  marker  is  mounted  on  a  carriage 
which  moves  along  a  track  parallel  to  the  drum  by  means  of  an  end- 
less screw  turned  by  a  crank  at  the  left  side  of  the  table.  One  turn 
of  the  screw  moves  the  marker  on  the  drum  one-quarter  of  an  inch 
to  the  right  or  left.  By  regulating  the  strength  of  the  current 
which  runs  the  motor  considerable  variation  can  be  produced  in  the 
speed  of  the  drum,  while  a  switch  near  at  hand  allows  the  motor  to 
be  stopped  or  started  at  will. 

Two  kinds  of  curves  are  produced  by  this  drum.  In  fig.  8  the 
marker,  or  the  fork  itself,  is  kept  vibrating  on  the  drum  all  the  time 


Fig.  8. 

When  a  record  is  taken,  the  marker  is  quickly  moved  to  the  right 
or  left  by  a  turn  of  the  screw.  The  record  is  made  during  this  side- 
wise  movement  of  the  marker,  the  result  being  two  white  bands  with 
the  record  on  a  curve  passing  obliquely  from  one  to  the  other.  The 
first  spark  comes  from  the  stimulus-key,  the  second  from  that  in  the 
reaction-room. 

At  first  it  is  somewhat  difiicult  to  make  these  two  motions,  the  one 
with  the  right  hand,  the  other  wnth  the  left,  just  at  the  right  in- 
stant, but  a  short  practice  enables  one  to  do  it  with  ease  and  accu- 
racy. The  whole  difficulty,  however,  is  removed  by  the  multiple 
key  to  be  described  below.     Using  that,  together  Avith  the  electro- 


Fig.  9. 

magnetic   time-marker,   we    produce    the   curve    shown    in    tig.    9. 
The  marker  remains  stationary,  simply  drawing  a  white  line  around 
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the  drum.  Opening  the  stimulus-key  starts  the  marker  vibrating 
and  an  instant  later  gives  the  stimulus  which  is  marked  by  a  spark 
on  the  curve.  As  soon  as  the  spark  from  the  reaction-key  has  been 
recorded,  the  multiple-key  is  released,  and  the  marker  ceases  to 
vibrate  before  the  drum  has  made  a  complete  revolution.  The 
marker  is  then  moved  to  the  right  or  the  left  by  a  turn  of  the  screw 
and  another  record  is  taken.  A  similar  record  on  an  ordinary  drum 
is  shown  in  fig.  10. 


Fig.  10. 

The  other  drum  is  constructed,  as  can  be  seen  in  fig.  1 3,  so  that 
every  turn  of  the  crank  moves  the  drum  itself  half  an  inch  to  the 
right  or  left.  In  this  case  the  standard  holding  the  marker  or  the 
tuning-fork  remains  stationary.  One  hand  turns  the  drum  once 
around  while  the  other  closes  the  stimulus-key.  The  reaction  always 
follows  before  the  revolution  is  completed.  For  simple  reaction- 
time  this  is  much  the  better  drum  of  the  two.  The  records  are 
always  the  same  distance  apart  and  can  be  made  to  begin  in  the  same 
horizontal  line  on  the  drum,  thus  making  the  counting  of  the  records 
much  easier  than  those  of  the  electrical  di*um  which  are  scattered 
over  the  paper  and  are  liable  to  be  cut  in  two  when  that  is  removed 
from  the  drum.  For  other  purposes  the  electrical  drum  is  to  be  pre- 
ferred. 

It  is  evident  from  the  various  functions  ascribed  to  the  stimulus- 
key  that  something  more  than  the  ordinary  telegraph -key  is  implied. 
In  every  case  it  is  assumed  that  it  produces  the  stimulus  and  records 
it  at  the  same  instant  on  the  drum  by  means  of  a  sj)ark.  In  addition 
to  this  it  sometimes  starts  the  tuning-fork  curve  just  before  the 
stimulus  and  stops  it  just  after  the  reaction  has  taken  place.  The 
necessity  for  some  contrivance  by  which  such  things  niiglit  be  done 
was  felt  at  the  beginning  of  the  work  and  led  to  the  invention,  by 
Dr.  Scripture,  of  the  multiple-key. 

Figs.  11  and  12  show  drawings  of  this  key.  It  consists  of  two 
square  bars  of  brass  I  and  H  rotating  on  small  steel  axles  X  held  in 
place  by  check-screws  K  L  passing  through  the  upright  parts  C  of 
a  firm  brass  frame  which  is  screwed  to  the  wooden  base  J.  One  end 
of  each  bar  is  held  by  a  spring  M,  Y  ;  the  strength  of  31  is  reg- 
ulated by  the  screw  A.  Besides  this  there  are  four  other  screws 
B,  D,  E,  F,  which  pass  through  the  upper  lever,  one  of    them  F 
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being  insulated  from  the  lever  by  hard  rubber.  The  screw  B  rests 
upon  a  small  steel  plate  P,  insulated  by  a  hard  rubber  screw  from 
the  brass  stanchion  Q  and  connected  by  wire  on  the  underside 
of  the  base  with  binding-post  5.  None  of  the  binding-posts  are 
shown  in  the  elevation  because  they  would  conceal  important  parts 
of  the  key.  The  screws  B,  D,  F  are  connected  through  the  brass 
rod,  steel  axles  and  upright  support  with  a  screw  that  passes 
through  the  base  and  thence  by  insulated  wire  with  binding-post  4. 
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Figs.  11  and  12. 

The  screw  B  being  adjusted  so  that  the  upper  lever  is  level,  the 
screw  F  regulates  the  amplitude  of  its  movement.  By  means  of  this 
screw  it  makes  contact  with  the  brass  stanchion  V.  The  screw  E 
which  is  insulated  from  this  lever,  is  connected  to  post  2  by  insulated 
wire  running  along  the  lever,  down  the  standard  through  the  base. 
The  screw  U  with  which  it  comes  in  contact  is  also  insulated  from 
its  lever  and  connected  in  a  similar  way  with  binding-post  3.  By 
means  of  screw  D  the  copper  spring  S  can  be  made  to  make  contact 
with  screw  T  which  is  insulated  from  its  lever  and  connected  with 
binding-post  6. 

The  lower  lever  is  adjusted  to  a  level  position  by  screw  O  ;  it  is 
insulated  from  its  steel  axle  and  together  with  screw  O  is  connected 
with  binding-post  7.  The  screw  Z,  with  which  it  makes  contact,  is 
connected  with  binding-post  4.  So  are  the  brass  stanchion  Q  and  the 
screw  N,  passing  through  it,  as  well  as  the  mercury  cup  W.     The 
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screw  E  is  so  regulated  that  just  before  F  makes  contact  with 
V  the  lever  I  breaks  contact  with  the  screw  Z  and  immediately  after 
makes  contact  again  in  the  same  circuit  either  through  the  screw  N 
or  the  mercury  cup  W. 

We  have  six  contacts  :  three  makes,  two  breaks,  and  one  break  fol- 
lowed by  a  make  in  the  same  current.  One  of  these  breaks,  if  used 
at  all,  must  always  come  first  and  one  of  the  makes,  if  used  at  all^ 
must  always  come  last.  According  to  actual  count  this  gives  forty- 
four  different  ways  in  which  currents  can  be  passed  through  the  key. 
When  more  than  one  current  is  being  passed  through  the  upper 
lever  at  the  same  time,  care  must  be  taken  to  have  this  lever  con- 
nected with  the  same  pole  of  all  the  batteries. 

A  few  of  the  uses  to  which  this  key  may  be  put  will  be  mentioned 
here  together  with  the  contacts  used  in  each  case. 

1.  As  an  ordinary  key  where  the  contact  is  made  by  pressing  down 
the  key  ;  circuit  through  E-U  or  F-V. 

2.  As  an  ordinary  key  in  which  the  contact  is  broken  by  pressing 
down  the  key  ;  circuit  through  B-P  or  0-Z. 

3.  To  close  two  circuits  at  the  same  time  ;  E-U,  D-T. 

4.  To  close  to  circuits  at  the  same  time  and  one  an  instant  later  ; 
DT,  E-U,  F-V. 

5.  To  close  one  circuit  and  break  another  at  the  same  time  ;  E-U, 
0-Z. 

6.  To  close  two  circuits  and  break  a  third  at  the  same  time  ;  E-U, 
D-T,  0-Z. 

7.  To  break  one  circuit  just  before  closing  a  second  ;  B-P,  E-U. 

8.  To  break  a  circuit  and  an  instant  later  close  the  same  circuit 
again  ;  0-Z,  R-N,  or  I-W. 

In  the  second  method  of  recording  reaction-time  on  the  smoked 
drum,  according  to  the  arrangement  of  wires  in  fig.  13,  the  tuning- 
fork  current  is  short-circuited  at  P-B  while  the  kev  remains  closed. 
When  this  contact  is  broken,  the  current  passes  around  through  the 
marker  on  the  drum.  A  moment  later  the  contact  E-U  closes  a 
telephone-circuit  which  passes  through  the  apparatus  in  the  reaction- 
room  and  so  produces  the  stimulus.  But  the  primary  current  of  the 
spark-coil  is  passing  through  0-Z.  At  the  same  instant  in  which 
the  contact  E-V  is  made,  this  contact  0-Z  is  broken  and  a  spark 
passes  through  the  smoked  paper.  TJiis  primary  circuit  is  made 
again  at  W  in  time  to  be  broken  a  second  time  by  pressure  upon  the 
key  in  the  reaction-room.  As  soon  as  this  reaction  takes  place  the 
operator  releases  the  multiple-key,  the  tuning-fork  curve  is  short- 
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circuited  a^n  at  B-P  and  the  time  marker  ceases  to  vibrate.  As 
the  reaction  always  follows  the  contact  E-U  within  three-tenths  of  a 
second,  the  key  need  not  be  kept  open  longer  than  is  natural  in  slow 
movement. 


Fig.  18. 

The  most  important  pieces  of  the  apparatus  ha%'ing  been  described 
in  detail,  its  general  arrangement  can  easily  be  understood  from  the 
diagram  in  fig.  Id.  The  reaction-room  is  indicated  above  on  the  left. 
The  room  ased  for  the  production  of  sound  stimuli  is  shown  next 
to  it,  although  it  is  situated  in  another  part  of  the  building  so  that 


14  Investigations  in  reaction-time  and  attention. 

no  sound  from  the  loud  tuning-forks  can  penetrate  the  walls  of  the 
reaction-room.  The  recording-room  is  on  the  floor  below.  These 
figures  are  all  diagrammatic,  being  drawn  to  show  the  meaning  of 
wires  and  apparatus  rather  than  actual  positions  or  proper  propor- 
tions. 

Taking  the  diagram  from  left  to  right,  the  first  pair  of  wires 
belongs  to  an  electric  light  circuit.  The  lamp  1,  which  was  used  in 
these  experiments,  was  a  miniature  incandescent  lamp  of  6  c.  p.  By 
a  switch,  10,  the  light  could  be  turned  on  or  off. 

The  next  three  wires  connect  two  electric  bells,  2  and  12,  with  the 
Leclanch6  elements  B  and  C.  Closing  key  3  rings  the  bell  in  the 
recording-room.  The  gong  being  removed  from  bell  2  and  the 
contact  made  permanent,  closing  key  11  only  produces  a  click 
in  the  reaction-room.  Otherwise  the  sound  would  be  so  loud  as  to 
distract  the  person  reacting. 

The  next  pair  of  wires  forms  a  telephone-circuit  by  means  of 
which  the  experimenter  can  talk  freely  with  the  person  in  the  reac- 
tion-room. The  switch  13  breaks  this  circuit  during  a  series  of 
experiments  and  so  prevents  any  noise  reaching  the  reaction-room 
through  this  telephone.  This  telephone  connection  is  a  new  feature 
in  reaction-time  apparatus  and  its  advantage  cannot  be  overesti- 
mated. In  some  of  the  German  laboratories  the  reactor  and  experi- 
menter are  in  the  same  room,  separated  only  by  a  cardboard  partition. 
The  reactor  is  thus  influenced  by  every  sound  in  the  building,  by  the 
changing  lights  and  shadows  and  by  the  noise  of  the  chronoscope. 
In  other  laboratories  the  reactor  is  placed  in  a  separate  room  in 
another  part  of  the  building.  When  the  oj)crator  desires  to  speak  to 
the  reactor  he  must  leave  his  work  and  go  to  this  room,  often  break- 
ing up  the  whole  series  and  producing  more  or  less  distraction. 
With  this  arrangement  the  reactor  is  in  a  dark  room,  free  from  sound. 
By  a  turn  of  the  switch  he  can  hear  even  a  faint  whisper  from 
the  experimenter. 

Next  on  the  diagram  comes  a  one-inch  Ritchie  spark-coil  ;  31  and 
30  are  the  poles  of  the  primary  circuit.  The  current  from  battery  E, 
consisting  of  two  to  four  Grove  cells,  passes  through  the  closed  key  6 
in  the  reaction-room  and  through  the  contact  21-22  in  the  multiple- 
key  (0-Z  of  fig.  11).  When  the  key  is  pressed  down  the  circuit 
is  broken  at  22  and  closed  immediately  after  at  23.  In  j)ractice  it 
was  found  better  to  use  the  mercury  cup  W,  fig.  11,  for  this  second 
contact  as  the  contact  with  the  copper  spring  and  iron  screw  R,  is  a 
sliding  contact  liable  to  produce  additional  sparks  and  thus  to  con- 
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fuse  the  record.  The  mercury  must  be  kept  covered  with  water  as 
alcohol  takes  fire  with  a  current  of  the  size  used. 

The  poles  of  the  secondary  coil  are  28  and  29.  One  was  connected 
with  the  brass  cylinder  of  the  drum  by  being  attached  to  the  iron 
frame  at  16,  the  other  with  the  point  which  marks  on  the  drum. 
When  the  electro-magnetic  time-marker  was  used,  a  light  aluminium 
point  was  substituted  for  the  ordinary  straw  or  quill  point.  Every 
time  either  key  is  pressed  a  spark  passes  from  the  marker  to  the  drum 
through  the  smoked  paper  scattering  the  smoke  and  making  the 
white  dots  shown  in  figs.  6-10. 

Numbers  19  and  20  are  two  ends  of  a  second  telephone  circuit.  H 
is  the  battery,  9  the  transmitter  and  7  the  receiving  telephone. 
Before  the  transmitter  there  stands  a  tuning-fork  8  run  by  the  bat- 
tery G.  When  the  multiple-key  is  pressed  down,  this  telephone 
circuit  is  closed  at  19-20  and  the  tuning-fork  is  heard  in  the  telephone 
in  the  reaction-room.  At  the  same  instant  a  spark  is  made  on  the 
drum  by  the  breaking  of  contact  21-22.  The  strength  of  this  sound 
was  regulated  by  passing  the  telephone-current  through  a  resistance- 
board,  not  shown  in  the  diagram.  For  purposes  of  simple  reaction 
it  was  not  necessary  to  use  tuning-fork  8.  The  short,  sharp  click 
made  in  the  telephone  by  closing  the  circuit  at  19-20  was  sufiicient. 
By  changing  the  resistance  in  the  telephone-circuit  this  sound  could 
be  varied  from  one  too  weak  to  be  heard  to  one  too  loud  to  be 
endured.  It  was  found  necessary  to  run  the  wires  of  this  circuit 
from  the  recording-room  to  the  reaction-room  without  allowing 
them  to  come  near  any  other  wires  which  were  in  use  at  the  same 
time.  Otherwise  sounds  were  produced  in  the  telephone  by  induc- 
tion from  the  currents  in  those  wires. 

During  the  latter  half  of  the  experiments  the  two  receiving  tele- 
phones, 5  and  7,  in  the  reaction-room  were  each  connected  with  both 
transmitters,  4  and  9.  By  this  arrangement  the  sounds  from  the 
recording-room  and  from  the  sound-room  were  heard  in  each  tele- 
phone. One  of  them  was  fixed  by  rods  and  clamps  in  such  a  posi- 
tion, that  the  right  ear  of  the  person  experimented  upon  naturally 
rested  against  it.  The  other  was  held  to  the  left  ear  by  the  left  hand, 
while  the  right  hand  was  free  to  manipulate  the  reaction-key. 

A  still  better  plan  would  be  to  use  a  head  telephone  with  a  re- 
ceiver at  each  ear.  This  would  always  be  in  place,  leave  both  hands 
free  and  allow  the  person  reacting  to  take  the  most  comfortable  posi- 
tion and  to  move  about  instead  of  keeping  the  body  in  one  fixed 
position.     However,  as  a  series  of  experiments  never  lasted  over  five 
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minutes,  the  disturbance  from  the  act  of  holding  one  of  the  tele- 
phones cannot  have  been  very  great. 

The  remaining  wires  shown  in  the  diagram  all  have  to  do  with  the 
time-curve.  The  tuning-fork  26  is  run  by  a  dip-battery  F.  This 
current  passes  through  the  contact  24-25  when  the  key  is  closed  as 
shown  in  this  figure.  When  the  key  is  opened,  this  contact  is  broken 
and  the  current  passes  around  through  the  electro-magnetic  time- 
marker  17  communicating  to  its  lever  the  vibration  of  the  tuning- 
fork. 

In  most  of  the  experiments  made  with  the  hand-drum  this  time- 
marker  was  not  used.  The  fork  itself  was  placed  on  the  standard 
and  allowed  to  vibrate  continuously  on  the  smoked  paper. 

In  addition  to  the  wires  shown  in  the  diagram  another  pair  was 
used  to  connect  an  electro-magnet  in  the  reaction-room  with  a  bat- 
tery and  8wit<5h  in  the  recording-room. 

All  of  these  wires  are  part  of  a  system  of  wires  running  through 
the  whole  building.  At  first  seven  wires  were  laid  from  each  room 
to  a  switch-board  in  a  central  position.  This  number  not  being 
suflicient  for  the  currents  required  between  the  reaction  and  record- 
ing-rooms seven  more  were  laid  to  each  of  these  rooms.  All  of 
these  wires  where  the  resistance  is  of  small  importance,  such  as  the 
telephone  and  bell  circuits,  are  number  16  B.  and  S.  ofliee  wire.  For 
the  electric  light  and  the  primary  circuit  of  the  spark-coil,  where 
stronger  currents  are  required,  number  10  heavily  insulated  wire  was 
put  in.  These  were  run  directly  from  the  reaction-room  to  the 
recording-room  independent  of  the  switch-board. 

Experiments  in  reaction-time. 

In  all  the  experiments  the  stimulus  to  which  the  person  in  the 
dark  room  reacted  was  a  >iound  ])roduced  in  the  telephone. 

A  warning  click  was  given  on  the  bell  in  the  reaction-room  just 
before  each  experiment.  Ex])erinient  has  shown  that  when  the  in- 
terval between  warning  and  stimulus  is  always  the  same  the  mind  is 
soon  able  to  estimate  the  interval  correctly  and  always  reacts  just  at 
that  time  whether  it  hears  the  stimuhis  or  not.  Therefore  this  warn- 
ing cannot  be  produced  by  any  mechanism  connected  with  the  drum 
but  must  be  given  by  the  vohintary  act  of  the  experimenter.  The 
effect  of  this  warning  on  the  reaction-time  depends  on  the  interval 
between  the  warning  and  the  stimulus.  If  the  interval  is  too  short 
there  is  not  time  enough  to  concentrate  the  attention  and  the  warn- 
ing hinders  the  reaction  instead  of  helping  it.     If  the  time  is  too 
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long  the  effect  dies  away,  as  the  mind  is  not  able  to  keep  its  maxi- 
mum tension  for  more  than  one  or  two  seconds.  L.  Lanoe*  mentions 
about  2  seconds  as  the  best  interval.  Wundt"  places  it  at  2.5  ;  Estel* 
says  2.26 ;  Mkhneb*  and  Glass*  agree  on  2.5.  Bertels*  found  that  it 
took  the  mind  2f  seconds  to  reach  the  maximum  degree  of  atten- 
tion. The  interval  used  in  these  experiments  was  2^  seconds,  as 
nearly  as  the  experimenter  could  estimate  it  by  counting. 

Much  also  depends  upon  the  interval  between  the  successive  exper- 
iments. If  it  is  too  long  the  series  covers  too  much  time.  Changes 
in  the  mental  and  bodily  condition  of  the  experimenter  come  in  to 
change  the  reaction -time.  If  the  interval  is  too  short  there  is  not 
time  to  recover  from  the  preceding  experiment.  About  fifteen 
seconds  was  the  interval  between  the  successive  experiments  in  the 
present  case.  As  reaction  requires  close  attention,  not  more  than 
twenty-five  experiments  can  be  taken  at  one  sitting  without  showing 
marked  effects  of  fatigue.  In  the  larger  part  of  these  experiments 
the  number  was  limited  to  twenty-two  and  at  least  five  minutes  inter- 
vened between  successive  series.  Seldom  were  more  than  five  series 
taken  at  one  time. 

An  important  point  in  which  there  is  less  agreement  is  that  of  the 
rejection  from  the  records  of  unusually  long  or  short  times.  These 
have  usually  been  regarded  as  errors  and  ascribed  to  two  sources,  to 
a  faulty  action  of  the  electro-magnet  in  the  Hipp  chronoscope,  and 
to  inattention  on  the  part  of  the  reactor.  The  present  apparatus 
eliminates  the  former  error  but  the  latter  still  remains.  Inattention 
may  give  long  times  and  the  person  may  react  before  he  actually 
hears  the  stimulus.  By  keeping  a  careful  watch  most  of  these  cases 
will  be  noticed  on  the  spot  and  be  rejected  without  question  as  errors. 
But  still  the  tables  will  contain  an  occasional  long  or  short  record 
which  largely  affects  the  average  of  the  series.  What  shall  be  done 
with  these  cases  ?  Some  have  refused  to  omit  any,  claiming  that 
individual  differences  disappear  in  the  final  average.  Most  writers 
use  their  judgment  in  each  particular  case  and  reject  all  records  which 
they  think  unduly  affect  the  results.  It  is  always  hard  to  draw  the 
line  between  normal  attention  and  the  next  grade  below  it,  to  decide 


'  Beitrdge  zur  Tfieorie  der  sinnlichen  Aufmerksamkeit,  Phil.  Stud.  1888  III  492. 

»  Physiol.  Psych.  8  ed.  H  861. 

^NevLe  Versuche  Uber  den  Zeitsinn,  Phil.  Stud.  1885  n  87. 

•  Zur  Lehre  vom  ZeiUinn,  Phil.  Stud.  1886  II  560. 

•  Kritisches  und  EocperimenUlles  Hher  den  Zeitsinn^  Phil.  Stud.  1888  IV  454. 

•  Versuche  Hber  die  Ablenkung  der  Aufmerksamkeit,  Inaug.  Diss.  Dorpat  1889. 
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which  are  correct  reaction-times  and  which  are  errors.  The  purpose 
of  the  experiments  may  have  an  influence  in  deciding  this  question. 
For  instance,  if  it  is  to  get  the  average  reaction-time  of  a  certain 
person  in  a  series  lasting  five  minutes,  then  more  marked  cases  of 
inattention  would  be  expected  and  let  pass  unchallenged  than  if  the 
purpose  was  to  detect  the  influence  of  a  slight  distraction  on  the 
reaction-time.  In  the  former  case  the  variation  in  attention  is  the 
quantity  to  be  measured.  In  the  latter  case  it  is  desired  to  eliminate 
all  variations  in  the  attention  save  that  due  to  the  one  cause  whose 
effect  is  being  investigated. 

In  the  ])resent  instance  every  record  was  rejected  which  seemed  to 
the  reactor  to  be  a  mistake.  His  opinion  was  always  written  down 
before  he  left  the  reaction-room  and  before  he  knew  what  the  figures 
w>ere.  After  that  the  criterion  for  rejecting  readings  was  that  laid 
down  by  Holm  ax.'  "Take  the  mean  and  the  average  deviation  of 
the  observations,  omitting  the  doubtfid  one.  Find  the  deviation  of 
that  one  from  the  mean.  Then  reject  the  observation  if  its  devia- 
tion is  greater  than  four  times  the  average  deviation."  This  is  an 
arbitrary  criterion  and  does  not  imply  that  all  records  rejected  by  it 
are  errors.  It  means  rather  that  in  the  small  number  of  records  thev 
would  have  undue  influence  and  that  the  average  without  them  will 
be  nearer  the  truth  than  if  thev  were  included. 

In  every  case  excepting  the  few  series  where  the  names  are  given 
in  the  table  the  writer  was  the  ])erson  experimented  upon. 


Experiments   showixg   the   influexce  of  sensations  of  light 
upon  the  time  of  simple  reactions  to  sound. 

The  first  problem  undertaken  was  the  investigation  of  the  in- 
fluence of  the  presence  in  consciousness  of  different  colored  lights 
upon  the  time  of  reaction  to  sound-stimuli.  It  was  suggested  by 
the  results  of  FerIj's  experiments  with  the  dynamometer.-  He  found 
that  wnth  hysterical  patients  different  colored  lights  ha<l  different 
dynamogenic  effects,  red  being  most  effective  and  violet  the  least. 
If  the  energy  with  which  the  muscles  can  be  contracted  varies  with 
the  appearance  in  consciousness  of  different  colored  lights  it  seems 
probable  that  there  should  be  a  similar  effect  upon  the  rapidity  ^\dth 
which  thev  can  be  moved. 


*  HoLMAN,  Discussion  of  the  Precision  pf  Measurements,  New  York  1892,  p.  30. 
'  F£r6,  Sensation  et  inouvement,  Paris  1887. 
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These  experiments  are  not  to  be  confused  with  those  conducted  by 
TiTCHENER  in  Wundt's  laboratory  where  different  colored  lights 
served  as  the  stimulus.*  The  effect  of  a  steady  influence  might  be 
detected  when  the  effect  of  a  momentary  influence  was  too  small  to 
be  measured.  We  certainly  have  a  different  tone  of  feeling  when 
looking  at  a  red  light  from  that  which  we  have  when  looking  at  a 
green  light. 

The  different  colored  lights  were  produced  by  colored  gelatine 
films  between  two  pieces  of  glass  placed  before  the  box  containing 
the  electric  light. 

Three  hundred  experiments  were  made  upon  this  point,  but  they 
must  be  regarded  as  preliminary  and  negative.  They  were  made 
upon  six  different  persons  all  of  whom  were  without  practice  in  re- 
acting, and,  as  they  were  taken  before  the  apparatus  was  completed, 
the  method  illustrated  in  fig.  3  was  used,  the  error  of  which  has 
already  been  pointed  out. 

The  results  show  no  difference  for  the  different  colors  within  the 
limits  of  error  and  none  between  those  taken  in  the  dark  and  those 
in  the  light.  However,  in  all  cases  they  sliow  the  effect  of  practice 
on  reaction-time.  Table  I  brings  this  out  in  the  case  of  two  persons, 
the  first  one  of  whom  reacted  several  thousand  times  in  the  interval 

TABLE  I. 


Name 

Date 

1 

1 
MV 

n 

C.B.B. 

Nov.  13.' 

1 

183 

84       , 

90 

Mat.  31. 

1                ' 

140 

1 

13 

236 

1 
J.A.G.   Dec.  1. 

250 

36 

59 

It 

Jan.  30.  1 

1 

161 

22 

28 

R,  reaction-time. 

MV,  mean  deviation. 

n,  number  of  experiments. 


between  the  two  dates  given  while  the  second  reacted  only  a  few 
times  between  the  dates  for  which  his  reactions  are  compared.    In  the 


'  Zur  ChroHomeirie  des  ErkennungsacteSy  Phil.  Stud.  1893  VII  140. 
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case  of  the  firet  person  an  average  of  90  experiments  taken  on  Nov. 
13,  gave  a  reaction -time  of  183*^  and  an  average  deviation  from  that 
average  of  34*^.  On  March  31  an  average  of  236  experiments  gives 
a  reaction-time  of  140*^  with  an  average  deviation  of  13.*^  Thus 
showing  not  only  a  great  falling  off  in  the  time  but  also  a  great  in- 
crease in  the  regularity  of  the  experiments. 

A  like  result  is  shown  in  the  record  of  the  second  person. 

From  these  figures  it  is  plain  that  we  are  not  to  expect  differences 
due  to  small  changes  in  the  conditions  of  the  experiments  to  show 
themselves  until  the  person  experimented  upon  has  had  some  prac- 
tice. 

One  other  set  of  experiments  was  taken  before  the  apparatus  was 
accurate  to  thousandths  of  a  second.  These  were  all  made  upon  one 
man,  the  object  being  to  see  whether,  with  the  degree  of  accuracy 
then  obtained,  any  difference  could  be  detected  between  the  time  of 
reactions  taken  in  the  dark  and  those  taken  in  the  light.  The 
averages  of  the  separate  series  are  given  in  table  II.  The  final 
average  of  115  experiments  in  the  dark  gives  a  result  of  170^  with  a 
mean  variation  of  23^.     The  74  experiments  taken  in  a  white  light 


TABLE  n. 


Dinttirlmuce 

1 

R 

170 

MV 
23 

91 

115 

None 

White  light 

1 

1 

177 
175 

30 
25 

74 
20 

Red  light 

Green  light 

160 

! 

1 

15 

20 

give  a  time  of  177*^  with  a  mean  variation  of  30*^.  The  20  experi- 
ments in  red  light  give  a  time  of  175*^  with  a  mean  variation  of  25^ 
and  the  20  experiments  in  green  light  give  a  time  of  IGC^  with  a 
mean  variation  of  15^. 

After  the  apparatus  was  correct  to  thousandths  of  a  second,  another 
attempt  was  made  to  detect  a  difference  between  the  time  of  reac- 
tions in  the  dark  and  those  in  the  light.  A  series  of  twenty  or  thirty 
experiments  was  taken  in  which  the  light  was  turned  on  in  the  mid- 
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die  of  the  series.  Table  III  gives  the  average  of  five  experiments 
before  the  light  was  turned  on  and  five  immediately  after.  The  ex- 
periments were  taken  upon  seven  different  persons  only  two  of  whom 
bad  had  experience  in  reacting  and  only  one  of  whom  had  had 
practice  that  year.  Considering  this  and  also  the  fact  that  only  five 
series  were  taken  upon  any  one  person,  too  much  confidence  must  not 
be  placed  in  the  results.  It  would  be  very  easy  to  say  that  they 
show  the  distracting  influence  of  the  light ;  for  in  the  case  of  each 
individual,  save  one  who  had  had  no  practice  and  upon  whom  only 
one  series  was  taken,  the  average  of  the  reactions  in  the  light  is 
longer  than  those  in  the  dark. 

TABLE  III. 


Person 

D 

^^ 

n 

L 

MV 

1 

n 

L-D 

D.  W.  L. 

148 

1   15 

15 

150 

11 

15 

+  2 

C.  B.  B. 

147 

1 
1 

7 

i 

25 

1   151 

i 

9 

25 

+  4 

E.  W.  S. 

184 

28 

25 

1  —  -  — 

191 

1 

24 

25 

1 

+  7 

J.  M.  M. 

159 

12 

5 

24 

1    5 

+  32 

W.  I.  C. 
K.  M.  W. 

146 
119 

16 
80 

20 
10 

156 

... 

139 

9 
16 

20 

+  10 

+  20 

10 

J.  A.  G. 

181 

28   i 

5 

171 

15 

1    5 

1 

-10 

Weighted 
mean 

158 

18 

1 

105 

160 

14 

1  105   ' 

+  7 

D,  reaction-time  in  darkness. 
L,  reaction-time  in  li^ht. 

The  final  average  of  the  210  experiments  is  153*^  for  the  dark  with 
a  mean  variation  of  18^  and  for  the  light  lOO*^  with  a  mean  variation 
of  14*^.  But  later  and  more  reliable  experiments  show  that  the  mere 
presence  in  the  field  of  vision  of  this  steady  light  would  not  produce 
that  effect.  A  glance  at  the  original  records  throws  some  light  on 
this  point.  In  eight  of  the  series  the  first  reaction  after  the  light 
was  turned  on  was  unusually  long.     In  the  nature  of  the  case  these 
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records  could  not  be  rejected,  for  though  there  is  a  possibility  that 
they  may  be  due  to  inattention  yet  it  is  far  more  probable  that  they 
are  the  very  thing  we  are  looking  for.  When  the  light  is  turned  od 
it  startles  the  person  for  an  instant  and  so  increases  the  reaction -time. 
Table  IV  shows  this  fact  very  clearlv.  It  contains  the  first,  second, 
third,  fourth  and  fifth  experiments  before  and  after  the  light  was 

TABLE  IV. 


Person 

Dark                Light 

n 

Number  of  exper. 

1 

181  153 

1 
189  150 

1        ; 
3.       2,       1.        1,       2. 

141  128  140  149  171 

182  163  150  158  145 

S. 

144 

142 

4. ;  5, 

146  189  8 
156'  158;  5 

i 
1 

D.  W.  L. 

C.  B.  B. 

E.  W.  S. 

175  179 
165  151 
185  154 

172  147  202  178  187 

192 

177  228  5 

1 

J.  M.  M. 

155  138  139  248  194  167 
139  158  140  198  150  142 

166 

179 

1 

W.  I.  C. 

1    1 

168i  128  4 

1 

K.  M.  W. 

114  131 

103  135  108  151  122  118 

1 

186  167 

1 

% 

J.  A.  G. 

183  148 

123  299  153     197  177 

176 

134'  1 

Weighted  mean 

154  156 

i 

142  153  155  165  162  155 

160 

166; 

turned  on  in  eacli  serii's,  so  arrangiMl  as  to  show  the  averages  for  the 
first,  second,  third,  fourth  and  fifth  ex])eriment8  in  the  case  of  each 
individual  and  also  the  final  average  of  all  together.  In  the  final 
average  and  in  tlu*  case  of  most  of  the  individuals,  notably  in  the 
case  of  those  who  were  practiced,  the  first  experiment  after  the  light 
was  turned  on  was  longer  than  the  other  and  enough  so  to  affect  the 
averasjos  in  table  III. 

Wlu'U  the  liirht  was  turned  on,  no  care  was  taken  to  have  it  come 
exactly  half  way  between  two  experiments.  Sometimes  it  would  be 
nearer  the  one  before,  sometimes  nearer  the  one  which  followed. 
This  mav  explain  the  reason  whv  some  of  the  series  show  no  dia- 
traction.     The  light  was  turned  on  in  the  early  part  of  the  inteiral 
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and  the  person  had  time  to  accommodate  himself  to  it  before  he 
heard  the  stimulus.  Doubtless  if  the  interval  between  the  moment 
of  turning  on  the  light  and  that  of  the  reaction  immediately  follow- 
ing it  were  carefully  measured  it  would  be  found  that  this  first  reac- 
tion would  be  lengthened  the  more  the  smaller  this  interval. 

The  next  attempt  to  detect  a  difference  between  the  time  of  reac- 
tions in  the  dark  and  those  in  the  light  was  made  later  on  in  the 
year,  after  considerable  practice.  In  the  experiments  already  de- 
scribed the  electric  lamp  was  carefully  concealed  in  a  box,  the  sides 
of  which  were  lined  with  tin  reflectors,  so  that  the  person  sitting  at 
the  reaction -table  saw  only  a  brightly  illuminated  square  of  white 
card-board  in  the  back  of  the  box.  Since  the  effect  was  so  slight  the 
box  was  dispensed  with  in  these  later  experiments  and  the  lamp  hung 
suspended  in  full  view.  The  method  was  the  same  as  in  the  former 
case,  except  that  the  order  of  light  and  dark  was  reversed  in  some  of 
the  series  to  eliminate  any  effects  from  fatigue  or  acceleration  which 
might  enter  into  a  series  of  twenty  experiments. 

The  total  number  of  experiments  was  207,  consisting  of  97  in  the 
dark  and  108  in  the  light.  Of  the  ten  series,  six  gave  a  slightly 
longer  time  for  those  in  the  light  while  the  other  four  gave  an  equally 
small  difference  in  favor  of  those  in  the  dark.  The  final  averages 
are  :  for  those  in  the  light,  138^  with  a  mean  variation  of  12^^  and 
for  those  in  the  dark  136'^  with  a  mean  variation  of  10^,  thus  show- 
ing a  difference  of  only  2*^  both  in  the  reaction-time  and  in  the  mean 
variation,  a  difference  which  is  ])ractieally  zero.  These  figures  then 
warrant  the  statement  that  Mc  difference  between,  reactum'tinie  in 
the,  dark  and  reaetlo7i'tiine  tcith  the  et/e;f  fijfed  upon  a  hrUjht  steady 
liijht  i^  very  small  cotn^^ared  with  the  constant  variation  din-  to  sab- 
jer'tiKe  changes  in  the  condition  of  the  person  ejcjterirnented  upon. 

After  it  was  found  that  the  presence  of  a  steady  intensely  bright 
light  in  the  field  of  vision  produced  no  variation  in  the  reaction-time 
which  could  be  detected,  it  Mas  decided,  at  the  suggestion  of  Pro- 
fessor Ladd,  to  study  the  effect  of  a  moving  light. 

The  small  incandescent  lamj)  was  suspended  from  the  ceiling  by  a 
flexible  cord  about  six  feet  long.  Just  above  the  lanij>  a  piece  of  soft 
iron  was  fastened  to  the  cord.  This  iron  served  two  purposes  :  it 
made  the  lamp  swing  steadily  and  allowed  it  to  be  held  in  position 
by  an  electro-magnet  fastened  to  one  end  of  the  room.  The  electric 
light  current  and  that  of  the  electro-magnet  were  then  both  passed 
through  the  same  switch  in  such  a  way  that  one  movement  of  the 
lever  broke  the  electro-magnet  current  and  turned  on  the  light. 
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Ten  experiments  were  taken  in  the  dark  ;  then  the  operator  turned 
the  switch  and  the  person  experimented  upon  had  a  steadily  swing- 
ing light  in  his  field  of  vision.  In  addition  to  the  moving  light 
there  was  always  a  great  variety  of  moving  shadows  and  changing 
intensities  as  the  lamp  swung  past  the  wires,  standards  and  other 
parts  of  the  apparatus.  When  the  light  was  turned  on,  the  eye  in- 
variably followed  the  lamp  for  one  or  two  minutes,  after  which  the 
shadows  came  into  consciousness,  then  the  objects  which  produced 
the  shadows  and  finally  other  things  in  the  room. 

The  amplitude  of  the  motion  was  regulated  by  moving  the  electro- 
magnet. During  part  of  the  experiments  the  lamp  commenced  to 
swing  through  an  arc  of  two  meters,  which  gradually  diminished 
during  the  experiment  to  half  a  meter.  In  the  rest  of  the  experi- 
ments the  arc  was  half  a  meter  at  first  and  the  lamp  gradually 
approached  a  state  of  rest.  Had  the  results  warranted,  a  more  care- 
ful determmation  of  this  amplitude  would  have  been  made.  In 
these  experiments  the  order  of  light  and  dark  was  changed  to  elimi- 
nate other  influences.  It  was  of  course  impossible  to  stop  the  lamp 
swinging  in  the  middle  of  a  series,  but  the  light  could  be  turned  out. 

The  mean  variations  are  fairly  low  and  regular.  Therefore  the 
results  may  be  regarded  as  quite  trustworthy.  In  twelve  out  of  the 
sixteen  series  the  reaction-time  while  looking  at  the  swinging  light  was 
from  2^  to  20^  longer  than  the  reaction-time  m  the  dark.  The  final 
averages  for  those  in  which  the  long  swing  was  used  were  :  in  the 
dark,  137*^  with  a  mean  variation  of  13*^ ;  m  the  light,  142*^  with  a 
mean  variation  of  11*^.  For  those  with  the  short  swing  they  were  : 
dark,  142*^,  mean  variation  12^;  light,  147^^,  mean  variation  12*^.  No 
difference  can  be  detected  between  the  influence  of  the  long  and 
short  swings.  Combining  the  two  we  have  as  a  result  of  363  experi- 
ments a  mean  variation  of  12*^  for  those  in  the  light,  the  same 
for  those  in  the  dark,  and  an  average  of  142*^  for  the  reaction-time 
in  the  dark  and  147*^  for  the  reaction-time  when  looking  at  a  swing- 
ing lamp. 

It  is  important  to  discover  if  possible  whether  this  disturbance  is 
uniform  throughout  the  ten  experiments  with  the  swinging  light,  or 
whether  it' is  confined  either,  as  in  the  earlier  experiments,  to  the  first 
reaction  after  the  light  was  turned  on  or  to  those  first  few  experi- 
ments where  the  eye  follows  the  moving  light.  For  this  purpose  the 
averages  of  the  first,  second  and  third  ex])eriments  and  so  on  of  all 
the  sixteen  series  were  calculated  and  found  to  be,  before  the  light 
was  turned  on,  (1)   145^  (2)   143*^,   (3)   144^  (4)   145^  (5)  142^  (6) 
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139*^,  (7)  144^  (8)  144^  (9)  135<^,  (10)  140^;  after  the  light  was 
turned  on,  (1)  154^  (2)  149<^,  (3)  148^,  (4)  142^  (5)  144*^,  (6)  151^, 
(7)  151^  (8)  139<^,  (9)  140^  (10)  143<^.  This  shows  conclusively  that 
the  chief  disturbance  is  found  in  the  three  reactions  after  the  light  is 
turned  on.  The  greatest  lengthening  is  in  the  first  reaction.  Part 
of  that  is  certainly  due  to  the  same  effect  which  was  noticed  in  table 
IV,  namely  to  the  distracting  effect  of  having  the  light  suddenly 
appear.  But  the  presence  of  a  similar  though  less  effect  in  the 
next  two  averages  shows  a  distinct  influence  from  the  moving  light 
after  the  first  surprise  is  over.  Therefore  we  infer  that  part  of  the 
lengthening  in  the  first  reaction  with  the  swinging  light  is  also  due 
to  the  moving  light. 

Later  on  in  the  series  there  is  one  average  which  is  nearly  equal 
to  the  first  one  with  the  light  but  an  examination  of  the  individual 
experiments  shows  that  this  is  due  to  the  accidental  presence  in  that 
average  of  four  unusually  long  times. 

From  these  experiments  we  conclude  that  ths  influence  of  light 
sen^ation^  upon  the  tiine  of  reaction  to  sound  is  coniparaticely  small 
when  the  light  is  steady y  hut  becomes  very  marked  as  soon  as  the  light 
begins  to  7nove, 

A  practical  application  of  this  fact  suggests  itself  at  once.  There 
is  no  advantage  for  purposes  of  simple  reaction  in  having  the  room 
dark.  But  it  should  not  be  lighted  by  a  window,  else  moving 
shadows  and  changing  intensities  will  affect  the  reactor.  It  must  not 
be  lighted  by  a  lamp  or  gas  jet  for  they  would  each,  in  the  case  of 
a  small  room  at  least,  raise  the  temperature  or,  in  case  the  room  were 
ventilated  by  a  current  of  air,  be  made  to  flicker  and  so  distract  the 
attention.  But  when  the  conditions  of  the  expenment  do  not  require 
a  dark  room  there  can  be  no  objection  to  the  presence  of  an  incandes- 
cent lamp.  On  the  contrary  the  person  experimented  upon  will  feel 
more  at  ease  in  a  lighted  than  in  a  dark  room  and  will  find  it  much 
easier  to  make  notes  of  any  important  points  which  occur  to  him 
during  the  experiments. 

Experiments  showing  the   influence  of   sensations  of  sound 
UPON  the  time  of  simple  reactions  to  sound. 

The  experiments  thus  far  described  have  had  to  do  M'ith  the 
influence  of  .sensations  of  light  on  the  time  of  reaction  to  sound.  A 
similar  set  of  experiments  was  conducted  for  the  purpose  of  inves- 
tigating the  effect  of  sensations  of  sound  on  the  time  of  reaction  to 
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sound.  In  the  first  place  the  sound  used  was  a  steady  tone  pro- 
duced by  an  electric  tuning-fork  vibrating  250  times  a  second. 
This  tuning-fork  was  placed  on  a  shelf  before  the  transmitter  in  the 
recording-room  and  run  by  a  dip  battery.  When  the  telephone 
circuit  was  closed  this  tone  was  sent  to  the  reaction-room  and,  when 
the  two  receiving  telephones  were  connected  together,  was  heard  in 
the  same  telephone  in  which  the  signal  to  react  was  heard.  The 
moveable  drum  shown  in  the  diagram  makes  no  noise  and,  when  the 
operator  is  careful  and  the  rest  of  the  building  is  quiet,  no  sounds 
reach  the  ear  of  the  reactor  through  this  telephone  save  those  of 
the  tuning-fork  and  the  signal  to  react.  The  tuning-fork  sound  is 
so  loud  that  none  of  the  fainter  sounds  in  the  building  or  on  the 
street  can  be  heard.  This  method  could  not  be  used  with  the  elec- 
tric drum  on  account  of  the  noise  of  the  motor,  except  by  placing 
the  transmitter  and  the  fork  in  another  room. 

The  method  of  experiment  was  similar  to  that  employed  in  inves- 
tigating the  influence  of  light-sensations.  Ten  experiments  were 
taken  in  silence,  then  the  telephone  circuit  was  closed  and  dur- 
ing the  remainder  of  the  series  the  person  heard  the  steady  tone  of 
the  tuning-fork  in  the  same  ear  in  which  he  heard  the  stimulus. 
In  successive  series  the  order  of  silence  and  sound  was  changed  to 
eliminate  the  influence  of  sequence.  After  eight  series  had  been 
taken  the  method  was  slightly  varied.  It  was  evident  that  as  in  the 
case  of  the  steady  light  the  disturbance  was  very  small.  It  was 
thought  that  possibly,  as  in  the  case  of  a  steady  light,  the  influence 
would  be  greatest  upon  the  first  reaction  after  the  sound  was  turned 
on.  Therefore  to  get  the  full  effect  of  this  influence,  instead  of 
taking  ten  experiments  in  silence  and  ten  more  with  the  tuning-fork 
sound  in  consciousness,  one  experiment  would  be  taken  in  silence, 
then  the  tuning-fork  sound  turned  on  for  the  second  reaction,  while 
the  third  would  be  in  silence  and  so  on  through  the  series.  In  each 
case,  however,  the  tuning-fork  was  turned  on  immediately  after  the 
reaction  in  silence,  thus  giving  about  ten  seconds  for  accommodation 
before  the  signal  to  react. 

By  changing  the  intensity  of  the  telejihone-current  the  loudness 
of  the  tuning-fork  sound  was  varied  at  will.  For  tlie  })urj)oses  of 
these  experiments  it  was  kept  as  nearly  as  possible  ecjual  to  that  of 
the  sound  which  sen'ed  as  the  signal  to  react. 

Table  V  gives  the  averages  of  all  these  series.  In  it  no  difference 
can  be  detected  between  the  time  of  reactions  in  silence  and  those 
in  which  the  tuning-fork  was  heard.     Seven  of  the  individual  series 
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from  which  this  table  was  compiled  showed  a  slight  difference  in 
favor  of  silence  and  nine  showed  about  the  same  difference  in  favor 
of  those  with  the  sound.  Of  those  where  silence  and  sound  alternate 
the  same  thing  is  true.  Four  were  longer  in  silence  and  five  in  sound. 
The  final  average  gives  a  time  of  153*^  and  a  mean  variation  of  19^ 
for  those  in  silence  and  a  time  of  152*^  with  a  mean  variation  of  18*^ 
for  those  with  sound.  The  average  for  the  writer  was  141*^  for  silence 
with  a  mean  variation  of  15*^  and  for  sound  139*^  with  a  mean  varia- 
tion of  16^,  showing  a  slight  difference  in  the  same  direction  as 
the  combined  results  of  the  three  persons. 


TABLE  V. 


Silence 
141 

MV 

15 
26 
42 

7( 

104 

250  fork 
139 
174 
242 
152 

MV 

n 

C.  B.  B. 

16 
22 
89 

113 

W.  I.  C. 

A.  F. 

Weighted  ^ 
mean 

167 

88 

10 

147 

88 

8 
154 

232 
158 

19 

1 

18 

When  it  was  found  that  the  presence  in  consciousness  of  a  steady 
tone  produced  no  appreciable  effect  upon  the  reaction-time,  with  the 
skill  in  reacting  thus  far  obtained,  it  was  thought  best  to  trv  the 
influence  of  an  intermittent  sound,  as  in  the  former  experiments  a 
moving  light  took  the  place  of  a  steady  (me.  The  most  convenient 
instrument  which  suggested  itself  for  this  purpose  was  the  metro- 
nome. Swift'  investigated  the  effect  of  the  ticking  of  the  metro- 
nome upon  discrimination-time  and  found  different  results  according 
to  the  rapidity  with  which  the  metronome  ticked.  lie  also  found 
that  it  lengthened  the  time  of  simj^le  nmscular  reaction.  In  a  series 
of  100  experiments  he  found  the  reaction  to  be  103^^,  with  a  mean 
variation  of  9^,  whereas  100  experiments  taken  while  a  metronome 
was  ticking  in  the  room  gave  122*^,  with  a  mean  variation  of  12'^. 

During  the  first  few  experiments  the  metronome  was  placed  in  the 
reaction-room  and  so  arranged  that  the  pendulum  was  held  to  one 

*  Swift,  Disturbance  of  the  attention  during  simple  mental  processes,  Am.  Jour. 
Psych.  1892  V  8. 
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side  by  the  electro-magnet  until  the  circuit  of  the  magnet  was 
broken  in  the  recording-room.  Thus  the  metronome  could  be 
started  at  will  during  the  series.  But  in  the  small  reaction-room  the 
sound  was  almost  too  loud  to  be  endured.  It  was  found  more  satis- 
factory to  place  the  metronome  on  the  shelf  before  the  transmitter 
in  the  recording-room,  as  had  been  done  with  the  tuning-fork. 
Here  the  operator  could  stop  the  sound  as  well  as  start  it  and  could 
regulate  the  intensity  so  that  it  should  be  about  the  same  as  that  of 
the  stimulus.  There  was  an  advantage  also  in  having  the  two 
sounds  come  in  exactlv  the  same  direction. 

The  order  was  the  same  as  before,  ten  experiments  in  silence, 
then  ten  with  the  sound  and  vice  versa.  In  different  series  the 
metronome  ticked  40,  80,  120,  160  and  200  times  a  minute.  Table 
VI  gives  the  averages  for  each  of  the  rates. 


TABLE  VI. 


Rate  of  Metronome 

0 

40 

80 

120 

160 

200 

Reaction-time 

152 

156 

184 

186 

179 

169 

Mean  variation 

13 : 

17 

26 

20 

20 

25 

Increase 

0  ! 

6 

32 

34 

27 

17 

Number  of  experiments 

147    ! 

28 

54 

93 

61 

42 

In  the  first  experiments  wliore  the  metronome  was  in  the  reac- 
tion-room, there  was  a  great  innervation  and  strain  in  all  the  muscles 
of  the  bodv  called  forth  to  withstand  the  influence  of  the  metro- 
nome.  This  was  not  noticed  while  the  metronome  was  ticking,  but 
the  moment  it  stopped  the  sudden  relaxation  was  very  evident. 

At  the  beginning  of  the  experiments  there  is  a  marked  change  due 
to  getting  acquainted  with  the  sound  but,  owing  to  the  short. dura- 
tion of  the  experiment,  that  influence  does  not  continue  after  the 
first  surprise  has  worn  away.  Judging  from  the  complete  inatten- 
tion to  a  clock  ticking  in  my  room  it  is  probable  that  after  listening 
to  a  metronome  tick  for  a  few  hours  it  would  no  longer  affect  the 
reaction-time.  The  stopping  of  the  metronome  might  then  have  a 
temporary  effect.     Indeed,  in  these  experiments  the  reactor  soon  be- 
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came  so  far  accustomed  to  the  sound  that  an  occasional  vibration  of 
the  metronome  spring,  just  loud  enough  to  be  heard,  seemed  more 
distracting  than  the  metronome  itself. 

From  these  experiments  we  conclude  that  the  influence  of  a  sonnd- 
sensation  upon  the  time  of  reaction  to  sound-sensation  is  very  small 
as  long  as  that  sound  is  a  steady  tone  hut  becomes  very  marked  when 
the  sound  is  iiitermittent. 

Experiments  showing  the  diffebence  in  the  time  of  reaction 
to  sounds  when  the  sound  is  heabd  in  two  ears 

instead  of  one. 

It  has  already  been  suggested  that  the  best  way  to  produce  a 
sound-stimulus  for  purposes  of  reaction  is  to  use  a  head-telephone 
with  a  receiver  at  each  ear.  The  following  set  of  experiments  were 
taken  to  show  the  relation  between  the  time  of  reactions  when  the 
stimulus  is  heard  in  one  ear  and  the  time  of  those  in  which  the  same 
stimulus  is  heard  in  both  ears. 

The  arrangement  of  the  telephones  has  already  been  described. 
The  method  of  experiment  was  similar  to  that  of  the  experiments 
which  have  been  described  above.  The  person  reacted  ten  times 
with  a  telephone  at  only  one  ear,  then  without  interrupting  the  series 
he  placed  the  second  telephone  at  the  other  ear  and  continued  to  react 
ten  times  more.  To  eliminate  other  influences  the  order  was  some- 
times reversed  and  the  first  half  of  the  series  taken  with  the  sound 
in  both  ears. 

Table  VII  gives  the  average  of  twenty-one  series  taken  in  this 
way.  With  the  exception  of  three  cases,  where  the  person  had  no 
experience,  the  reaction  to  the  sound  in  both  ears  is  much  shorter 
than  that  of  the  reaction  to  the  same  sound  in  one  ear.  The  average 
of  the  thirteen  series  upon  the  writer,  who  was  the  only  one  having 
experience  in  reacting,  with  the  exception  of  Dr.  Scripture,  give  for 
one  ear  a  time  of  147*^  and  a  mean  variation  of  19'^,  for  two  ears  a 
time  of  133^  with  a  mean  variation  of  19^.  The  number  of  experi- 
ments with  one  ear  was  108,  with  two  ears  123.  The  average  of 
eight  series  taken  on  four  other  persons  gives  for  one  ear  a  time  of 
207*'  with  a  mean  variation  of  38*^,  for  two  ears  a  time  of  188^  with 
a  mean  variation  of  31^.  The  number  of  experiments  with  one  ear 
was  83,  with  two  ears  82. 

A  natural  explanation  of  the  difference  between  the  reaction-time 
when  the  si^^al  is  heard  in  one  ear  and  the  reaction-time  for  the 
same  signal  heard  m  two  ears  would  be  found  in  the  difference  in 
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the  intensity  of  the  sound  as  heard  in  the  two  ways.  In  order  to 
see  whether  this  explanation  was  satisfactory  or  not,  iSfteen  series  of 
experiments  were  taken  in  which  the  stimulus  was  varied  in  inten- 
sity from  a  loud  to  a  weak  sound. 

This  change  of  intensity  was  secured  by  introducing  a  resistance- 
box  into  the  telephone  circuit.  The  battery  then  in  use  consisted  of 
twelve  gravity  elements.  With  the  normal  resistance  of  the  circuit 
they  gave  a  current  of  0.5  amperes.  With  an  additional  resistance 
of  100  ohms  the  current  was  reduced  to  0.08  amperes  and  the  click 
made  by  making  the  circuit  was  a  weak  sound  compared  with  that 
heard  in  the  telephone  when  the  normal  current  was  used.  Yet  it 
was  a  sound  which  could  be  distincth'  recognized.  A  switch  was 
so  arranged  that  by  a  turn  of  the  lever  the  resistance  box  could  be 
brought  into  the  telephone  circuit. 


TABLE  VII. 


1 

C.  B.  B. 

One  ear 

MV 

19 

58 

n 

Two  ears 
188 

MV 

n 

147 
269 

108 

19 

128 

E.  W.  S. 
T.  J.  L. 
W.  I.  C. 
Weighted  mean 

17 

199 
175 

88 

20 

182 

85 

89 

26 

88 

192 
170 

29 

15 

201 

i 

88 

89 

27 

179 

158 

1 

24 

215 

The  average  for  182  experiments  with  the  loud  sound  was  143*^, 
with  a  mean  variation  of  13'^.  The  average  of  126  with  the  weak 
sound  was  158'^,  with  a  mean  variation  of  16*^.  The  difference 
between  the  loud  and  weak  sound  was  10^.  That  between  one  and 
two  ears  was  0''. 

Attention  might  be  called  in  passing  to  the  fact  that  in  this  set  of 
experiments  four  series  were  taken  in  which  the  succession  of  loud 
and  weak  intensities  was  irregular.  The  experimenter  was  told  to 
make  it  as  irregular  as  possible.  The  average  of  these  four  series 
for  the  loud  sound  is  lAW"^  for  the  weak  sound  155^.  The  mean  vari- 
ation  from  the  average  of  the  whole  st't  is,  for  the  loud  16^,  for  the 
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weak  17*^.     The  number  of  reactions  to  the  loud  sound  was  64  to  the 
weak  sound  66. 

These  figures  are  in  marked  contrast  to  those  of  Wundt.  With 
him  18  successive  reactions  to  a  strong  sound  gave  a  time  of  116^ 
with  a  mean  variation  of  10^.  A  set  of  9  reactions  to  a  weak  sound 
gave  a  time  of  127^  with  a  mean  variation  of  12^.  When  the  suc- 
cession of  loud  and  weak  sounds  was  irregular  the  time  for  the  loud 
sound  was  189^,  mean  variation  38*^,  number  of  experiments  9.  The 
time  for  the  weak  sound  was  298*^,  mean  variation  76*^,  number  of 
experiments  15.  The  increase  due  to  irregularity  in  his  case  amounts 
to  114^,  in  our  case  to  12^. 

It  can  scarcely  be  that  there  was  a  greater  difference  between  the 
sounds  he  used  ;  the  difference  in  the  present  case  was  so  great  that 
the  loud  sound,  when  the  order  was  unknown,  was  greatly  dreaded 
and  always  produced  a  decided  shock. 

There  are  two  other  series  of  experiments  which  are  worthy  of 
note,  having  been  taken  without  warnings.  Their  average  for  forty 
experiments  is  139*',  mean  variation  26^,  whereas  the  average  of  the 
thirteen  series  taken  on  the  same  person  under  the  same  conditions 
but  with  the  warning  was  HO*^  with  a  mean  variation  of  19*^ ;  total 
number  of  experiments  231.  Wundt's  figures  on  the  same  point  are, 
with  warning  125^,  without  warning  259*^,  total  number  of  experi- 
ments, 61. 

We  have  shown  that  a  large  part  of  the  difference  between  the 
time  of  one  and  two  ear  reactions  is  due  to  the  difference  in  intensity. 
But  to  test  this  point  more  closely  another  set  of  experiments  was 
taken  in  which  this  factor  was  entirely  eliminated,  yes,  more  than 
eliminated.  The  reaction-time  of  one  and  two  ears  was  compared  as 
in  the  last  set  but  at  the  same  time  the  intensities  of  the  currents 
were  varied  so  that  the  sound  heard  in  one  ear  was  judged  to  be 
much  louder  than  the  combined  result  of  a  weaker  sound  heard  in 
both  ears.  If  intensity  be  the  only  factor  in  producing  the  differ- 
ence between  one  and  two  ear  reactions  then  the  reaction  under  these 
conditions  ought  to  be  much  longer  for  one  ear  than  for  two.  In 
only  two  series  was  there  any  marked  difference  between  the  two. 
One  of  these  is  in  favor  of  the  loud  sound  in  one  ear  the  other  in 
favor  of  the  weak  sound  in  two  ears.  The  difference  between  the 
final  averages  of  the  ten  series  is  only  1^,  practically  0. 

Therefore:  the  reaction-time  to  sounds  heard  in  tioo  ears  seems  to 
be  shorter  than  for  the  same  sound  heard  in  one  ear  even  after  due 
allowance  has  been  made  for  difference  in  intensity. 
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In  all  of  these  experiments  the  sound  in  two  ears  was  located  in 
the  upper  interior  part  of  the  head.  Turning  the  attention  toward 
the  sound  resulted  in  rolling  the  eyes  upward  ;  the  sound  seemed 
closer  at  hand  and  less  effort  was  required  for  reaction  than  when 
the  stimulus  was  heard  in  only  one  ear;  the  reaction  also  seemed 
more  automatic,  especially  when  the  attention  was  turned  to  other 
things. 

Conclusions  from  the  three  preceding  sections. 

The  general  results  of  these  experiments  in  reaction-time  can  be 
summed  up  as  follows: 

1.  Tlie  experiments  did  not  indicate  any  difference  in  reaction- 
time  produced  by  changing  the  color  of  the  light  present  in  the 
field  of  vision. 

2.  No  difference  was  detected  between  the  times  of  reactions  in 
the  dark  and  those  made  while  looking  at  a  stationary  incandescent 
light  of  six  candle  power. 

3.  When  this  light  was  in  motion  the  reaction-time  was  lengthened. 

4.  No  difference  was  detected  between  the  times  of  reactions  in 
silence  and  those  made  while  listening  to  the  steady  sound  of  a 
tuning-fork  making  250  vibrations  per  second. 

5.  When  the  intermittent  sound  of  a  metronome  was  substituted 
for  that  of  the  fork,  the  reaction-time  was  lengthened. 

6.  The  reaction-time  to  a  sound  heard  in  both  ears  is  shorter  than 
when  the  sound  is  heard  only  in  one  ear,  even  after  making  allow- 
ance for  the  difference  in  intensity. 

Introspective  observations  on  reactions. 

During  the  larger  i>art  of  the  experiments  pencil  and  paper  were 
kept  in  the  reaction-room  and  immediately  after  each  series  of 
experiments  the  person  reacting  noted  down  any  conditions  liable  to 
affect  the  time  of  his  reaction  and  any  observations  which  might 
throw  light  on  the  nature  of  reaction-time.  These  notes  were  after- 
wards transferred  to  the  record  blanks  just  below  the  records  to 
which  they  referred  in  order  that  these  records  might  be  used  more 
intelligently. 

A  careful  study  of  the  notes  together  with  the  records  to  which 
they  refer  brings  out  many  interesting  points.  Not  all  of  them  can 
be  touched  upon  here  but  the  most  important  ones  will  be  found 
below  substantially  as  they  were  written  down  from  day  to  day. 
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After  a  few  weeks  practice  reacting  becomes  so  much  a  matter  of 
habit,  that  trying  to  recall  what  has  taken  place  during  a  series  is 
like  trying  to  remember  dreams.  The  more  striking  points  are 
easily  retained  but  the  larger  part  of  the  points  which  are  noticed 
during  the  series  are  gone  beyond  recall  unless  they  are  noted  down 
within  a  few  minutes.  A  little  practice  enables  one  to  record  all 
mistakes  in  reacting,  all  reactions  to  warnings,  all  reactions  regis- 
tered before  the  signal  is  heard  and  all  cases  where  the  reaction -time 
is  greatly  lengthened  by  a  physical  or  mental  disturbance. 

Notes  made  in  the  Reaction-Room  Immediately  after  Experiments. 
The  following  abbreviations  are  used  : 

W= Warning. 

R= Reaction. 

H=Ma8cnlaT. 

Att= Attention. 

*^  f ore  *^=:Reaction  before  the  signal. 

Met = Metronome. 

Om= Omitted. 

a=first,  b  second  half  of  a  series. 

The  fignres  are  taken  from  the  original  records  for  comparison  with  the  notes. 
The  numbers  of  three  figures  are  reaction-times,  those  of  one  or  two  figures  are 
mean  variations.  Where  two  sets  of  figures  are  given  the  first  pair  is  the  first 
half  and  the  second  pair  the  second  half  of  a  series.  When  the  note  refers  to  a 
particular  experiment  that  one  is  compared  with  the  rest  of  the  series  and  its 
figures  are  given  first.  In  order  to  make  the  meaning  of  the  notes  clearer  ex- 
planatory remarks  have  been  added ;  these  are  distinguished  by  italics. 

1.  R.  to  light. 

2.  Sounds  heard  outside. 

63.  Irregularity  due  to  novelty  of  M.  (134-6 — 188-17).  Showing  t?iat  the  irregu- 
larity was  over-estimated. 

65.  Turn  Att.  =tum  eye. 

76.  6,  8-11.  React  with  jerk.  (188—185-8).  The  average  of  these  four  is  2<^ 
shorter  than  that  of  the  rest  of  the  series, 

78.  React  with  full  arm  movement.     (18S-18— 187-28). 

79.  R.  to  W. 

82-4.  Tired,  nervous,  slow.     (134-26—118-20.)    Mistake  in  judgment. 

94.  W.  I.  C.     **  No  difference."    (209-22—181-31.)    Showing  lack  of  practice. 

95.  Notice  regularity  with  two  ears.     The  figures  don't  show  it. 

96.  a.  1.     React  in  spite  of  resolve.     (222 — 197-26.)  .  A  purely  automatic  reac- 

tioUf  extra  long. 
96.  Trying  to  think  of  Schopenhauer.     (200-27—179-24.)    At  least  50^  longer 

than  the  normal  reaction-time. 
99.  One  R.  before  will  impulse. 
98.  R.  to  W. — ^b,  1,  om.  in  relaxation  of  silence.    Sound  terrific.    (Silence  133-7 

— with  sound  188-10.)    No  effect  from  this  very  loud  tuning-fork  sound. 
8 
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100.  a,  usual  way,  b,  tense  mnsoles.  (146-83 — 120-16.)  In  one  case  will  didn't 
overcome  pressure.  Att.  confused  in  learning  a  new  lesson.  In  spite  of 
confusion  the  reaction  \pith  tense  muscles  are  26^  shorter  than  the  others  I 

105.  Last  four,  extra  effort.     (163—161-10.) 

106,  7.  Dr.  Scripture  **  Not  used  to  react  without  W.     Have  to  *  wake  up '  when 

only  one  ear  is  used."     Two-ear  reaction  is  more  automatic, 

108.  R.  to  small  sound  raises  finger  but  little.     Showing  the  reflex  element  in  cUl 

reactions. 

109.  a,  5.  R.  too  weak  to  raise  finger,  b,  8  *'fore."  7-10,  absorbed  in  plans. 

111.  a,  one  ''fore.*'  All  sorts  of  distractions,  pain  in  toe,  wagon,  shadows, 
thought. 

113.  Last  one  quick.    Way  prepared  for  motor  impulse.     (127 — 156-15.)    Correct 

estimate. 

114.  9  '*  fore."  Met.  very  loud,  scarcely  hear  W. 

115.  R.  to  W.     Last  3  good.     First  2  om. 

116.  Met.  gives  terrific  sound. 

119-21.  Effort  to  touch  a  point  6  in.  away. 

126.  The  same.     Very  quiet ;  perfect  type,     b,  att.  more  to  muscles.     (188-18 — 

189-11.) 

128.  a,  one  ear,  b,  two  ears.     Two  slightly  longer.     (148-18 — 142-28.)    Error  in 

judgment, 

127.  One  om.  driven  out  by  another  idea.     R.  to  W.     Every  W.  heard  with  ten- 

dency to  R. 

129.  Sensory— M.  M.  quicker,  harder.     (129-10—127-9.)    Not  enough  quicker  to 

be  detected. 

130.  a.,  i.      Terrific   scraping; = insulation  worn  off  in  key.     b,  Att.=rolling 

eyes  up. 
134.  2-1   ear.      2  ear  quicker.      (127-7—140-15.)    Correct,      a,   9  Automatic. 

Mind  returning  from  wandering  surprised.     (124-7 — 183.) 
136.  Att.  all  over,  affects  nerve  force. 
187.  Loud — faint.     Tend  to  give  more  Att.  to  faint  sound  at  first. 

141.  Att.  wandered.     (157-17.)    20^  longei^  than  normal. 

142.  (153-14—132-9.)  |      Exercise  between  142  and   143.      Quick  pulse,    deep 

143.  (129-6—127-13.)  f      breathing.     Shortening  the  time  2I,P. 

144.  Careful  Att.  Sensory  (?).     Eye  turned  up.    a,  5,  long  (202).    b.  6,  long  (226). 

(153-13-170-7). 

145.  Faint  demands,  loud  compels  Att.     Att.  wandered.     (Faint  152-17— loud 

132-4). 

149.  9,   "fore."  M.   Faint-loud.      Don't  nottee  dif.  intensity.     M=hard  work. 

(150-15—156-31.)     Aftemjyt  at  muscular  reaction  a  failure. 

150.  React  best  way.     Att.  good.     (168-19—171-8.)     Error  in  Judgment. 

153.  Faint-Loud.     Irreg.     No  accommodation,  no  guesBing.     (148-16—167-21,) 

154.  No  influence  from  knowledge  of  problem.     One  R.  too  faint  to  be  recorded. 
156.  Sound  varies  from  large  sound  to  small  short  sharp  pop8=poor  contact  In 

multiple-key. 

158.  1  ear  loud— 2  ear  week,     b,  1  No  R.;  too  weak  for  one  ear. 

159.  b,  1,  loud  sound  in  two  ears.     Awful  start-Quick.     (128—141-7.)     A  case 

where  the  refle^v  element  shortens  the  time. 
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160.  Last  half  thinking  of  something  else.     (134-159.) 

161.  Met.  magnet  didn't  work.     Started  it  myself. 
164.  Distr.  of  small  sonnds  more  than  Met. 

171.  Reverberation  of  Met.  spring  very  distr.     (160-12— 1»6-21). 

172.  Head  most  aches.    Not  feeling  well.    W.  don't  nerve  me  up.    Sleepy.    (182- 

11_156-16). 

176.  One  "fore." 

177.  Sleepy.     Not  energy  enough  to  tell  what  I  have  done.     It  was  pretty  good. 

(156-17—198-29.)    Error  in  judgment. 

178.  Not  so  good.     Uncomfortable  position.     Thought  distr.  more  than  noise. 

(172-27—167-18.) 
182.  Clear  mind,  like  crystal,  a  sharp  frosty  morning,  or  the  clear  blue  sky. 

(149-16-155-19). 
186.  Thinking  of  key.     Does  it  distract  I    (150-21—196-48).     Decidedly. 
184.  Noise  of  met.  board  provokes  me.      (151-8 — 205-9.)     Showing  that  irrtg. 

soundM  are  much  more  distracting  than  the  metronome. 

195.  Twoom.;  one  slow.    No  light  at  first.     2-4,   one  ear.     Wagon:    Out  of 

patience !    (136-8—158-15.) 

196.  Best  yet.     (154-12—129-8.)    a,  1-6,  uneasy,     b,  first  rate ;    key  between 

fingers. 
198.  a.     Not  esp.  good.    (134-16—146-10.)    2-4,  Att.  off.   147,  188,  189.      As 
good  as  196. 

204.  Some  one  up  stairs.     Warning  out  of  order.     (151-13—158-12.) 

201.  Distr.  smaU.    (180-7—189-10.) 

202.  Too  fast.     Fairly  good.     (127-10—134-17.)     Last  3  thinking  of    spark. 

125,  180,  128. 

205.  a,  6.     Wagon  heard  on  the  street.     (122—186-13.)    No  disturbance  shown — 

b,  3.    Seashore  dropped  something.     (156—189-12.) 

208.  Seems  long.     Att.  Wanders.     (159-15—161-14.)    Decided  effect 

209.  Little  Att.    Not  tired.    No  abUity  to  apply  myself.     (171-10—151-6.) 

206.  First  rate,  last  half  of  b,  distr.  by  wagon  because  I  ought  not  to  hear  it. 

(189-16-156-13.) 

207.  Not  so  good.     Too  excited,    b,  Ught  steadies  me.     (143-9—148-17.) 

208.  Hard  to  hold  att.  for  20  experiments.     (146-11—162-11.) 

209.  Impossible  to  do  good  work.     Think  of  everything.     (138-9—151-18.) 

210.  Old  position,  elbow  on  table.     First  class  example  of  inattention.     Reac- 

tion natural  in  the  flow  of  ideas.     (141-18—140-8.) 

211.  First  rate;  h,  1,  *<  fore."    Innervate  finger  and  fore  arm.     (182-14—141-11.) 

213.  Very  good,     b,  end,  M.     (180.)     One  before  sensory.     (129.)    Perfectly 

passive.    Not  innervation  enough  to  hold  the  key.     (129-8 — 141-20.) 

214.  Not  quite  as  good.     (121-12—185-15.) 

215.  Try  to  get  away  from  bodily  feelings = innervate  Cortex.     (128-7 — 147-13.) 

216.  The  same.    (126-12—145-9.) 

The  first  impression  on  reading  over  these  notes  is  one  of  surprise 
at  the  number  of  experiments  in  which  there  is  some  disturbance  of 
the  attention  aside  from  that  of  the  stimuhis  and  warning.  No 
amount  of  care  in  the  preparation  of  a  reaction-room  and  in  remov- 
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ing  external  influences  can  do  away  with  skin  sensations,  with  mus- 
cular feelings,  with  changes  in  the  physical  and  mental  condition  or 
with  the  ceaseless  flow  of  thought. 

An  examination  of  the  notes  shows  that  these  disturbances  vary 
greatly.  At  times  they  are  very  prominent ;  then  again  they  will 
be  scarcely  noticed.  Record  196  is  such  a  case.  The  note  says  of 
the  series  as  a  whole  "  best  yet,"  of  the  first  half  "  uneasy "  of  the 
second  half  "first  rate."  The  figures  are:  dark  164^  with  mean 
variation  12^,  steady  light  129*^  with  mean  variation  8^.  Records 
134-7  also  ought  to  have  more  weight  than  the  average  series. 
Their  note  says  "  best  part  of  the  day,  excellent  physical  condition, 
mind  clear  and  sharp."  The  figures  in  this  case  are  :  two  ears 
129*^  M.  V.  9^  one  ear  139*'  M.  V.  14*^.  Certainly  the  average  of  a 
dozen  series  all  of  which  had  a  similar  certificate  of  the  conditions 
under  which  they  were  taken  would  give  different  results  from  those 
of  a  set  made  up  from  records  like  178.  The  note  on  jthis  record 
reads  "Not  so  good;  uncomfortable  position.  Thought  distraction 
very  great."  The  times  are  :  silence  167^  M.V.  13^;  metronome 
172^  M.V.  27*^.  To  gain  the  most  trustworthy  results  a  large  number 
of  experiments  should  be  taken  and  only  those  used  which  are  free 
from  all  conscious  disturbance. 

Though  introspection  is  of  great  value  in  estimating  the  general 
conditions  of  an  experiment  and  showing  the  influences  which  affect 
the  results  yet  it  is  not  to  be  trusted  in  estimating  the  results  them- 
selves. Aside  from  the  fact  that  the  mind  is  unable  to  accurately 
estimate  small  divisions  of  time  under  the  most  favorable  conditions,' 
its  judgment  is  peculiarly  liable  to  be  affected  by  the  conditions  of 
the  reaction.  Its  report  is  what  it  thinks  ought  to  be  rather  than 
what  it  actually  sees.  For  instance,  in  series  82-84  the  reactor  was 
tired  and  nervous  and  therefore  judged  the  reaction-time  to  be 
longer  than  usual.  The  figures  are:  one  ear  134^  M.V.  26*^,  two  ears 
118*^  M.V.  20*^,  showing  that  the  nervous  excitement  more  than 
counterbalanced  the  physical  fatigue. 

In  series  150  after  having  reacted  in  the  muscular  way  in  the  pre- 
vious experiment,  the  person  reacted  in  the  way  which  he  thought 
would  give  the  shortest  time.  Accordingly  he  judged  the  time  of 
that  series  to  be  less  than  that  of  the  preceding  one.  The  figures 
for  this  one  are:  loud  168'^  M.  V.  19*^,  weak  171^  M.V.  8^;  for  the 
preceding  one:  loud  \o(f  M.V.  15*^,  weak  156^  M.V.  31^,  being  ju«t 
the  reverse  of  his  judgment. 
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The  last  four  reactions  of  series  76  were  made  with  a  violent  jerk. 
More  effort  was  put  forth  and  the  mind  inferred  that  the  reaction 
must  be  quicker.  The  average  of  the  last  four  was  133^,  that  of  the 
first  half  of  the  series  132^. 

Again,  in  78  the  reaction-time  was  judged  shorter  than  usual.  In 
this  case  the  hand  was  raised  to  the  shoulder  in  every  reaction.  There 
was  more  motion  and  more  effort,  therefore  the  mind  judged  that 
the  reaction  started  quicker.  The  figures  are  :  silence  138^  M.Y. 
13^  ;  with  fork  sounding  in  the  telephone  137*^  M.V.  28*^. 

In  several  series,  126a,  126b,  127  the  reaction  consisted  in  touching 
a  point  on  the  table  six  inches  from  the  key.  Raising  the  finger 
from  the  key  to  make  this  motion  broke  the  spark-coil  circuit,  and  so 
only  the  beginning  of  the  motion  was  registered.  Here  again  the 
mind  was  mistaken  in  judging  that  the  reaction-time  was  quicker 
than  usual.  The  average  of  the.  parts  of  these  series  not  subject  to 
other  disturbing  influences  was  141^  M.V.  11^. 

In  connection  with  these  experiments  where  the  attention  was 
directed  to  a  motion  for  which  the  reaction  was  a  means,  the  idea 
suggested  itself,  but  has  not  yet  been  carried  out,  of  having  a  second 
reaction-key  in  place  of  the  point  on  the  table.  Then  we  should 
have  recorded  in  addition  to  the  reaction-time,  the  time  required  to 
make  a  certain  movement.  This  would  doubtless  vary  from  time  to 
time  with  changing  mental  and  physical  conditions.  None  of  its 
variations  could  be  attributed  to  influences  acting  upon  the  conscious 
part  of  the  reaction  as  it  would  be  purely  automatic  after  slight 
practice.  This  might  throw  some  light  on  the  relative  portion  of 
the  variation  in  reaction-time  which  is  to  be  assigned  to  the  purely 
psychical  part.  Possibly  it  might  be  used  instead  of  the  simple  reac- 
tion as  a  standard  for  comparing  the  different  kinds  of  reaction-time. 

Between  142  and  143  the  reactor  went  through  vigorous  muscular 
exercise  so  that,  whereas  142  was  taken  with  the  body  in  a  quiet 
passive  state,  during  143  the  pulse-beat  was  strong  and  rapid,  the 
breathing  deep  and  heavy  and  the  whole  system  generally  excited. 
The  figures  for  142  are  :  153*^  M.V.  14*^  for  a  loud  sound  in  one  ear 
and  132^  M.V.  9^  for  a  weak  sound  in  two  ears.  The  figures  for 
143,  after  the  exercise,  are  :  129*^  M.V.  6*^  for  the  loud  sound  in  one 
ear  and  127^  M.V.  13^  for  the  weak  sound  in  two  ears.  The  shorten- 
ing of  the  time  by  exercise  was  14^. 

But  the  chief  value  of  these  notes  is  found  in  the  light  which  they 
throw  upon  the  nature  of  simple  reactions.  In  the  first  place,  are 
these  reactions  muscular  or  sensorial  ? 
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Wundt  says  that,  with  a  signal  loud  enough  to  be  clearly  heard, 
we  naturally  react  in  the  muscular  way.  He  explains  the  difference 
between  the  time  of  reactions  to  weak  sounds  and  those  to  loud 
sounds  as  due  to  a  passing  from  the  sensorial  to  the  muscular  way  of 
reacting.  In  all  of  our  experiments,  with  a  few  exceptions,  the 
signal  to  react  was  a  loud  sound.  This  would  seem  to  indicate  that 
our  reactions  were  muscular.  Furthermore,  the  two  criteria,  which 
Wundt  regards  as  sure  signs  of  muscular  reaction,  were  both  present. 
In  six  cases  at  least  a  reaction  was  registered  just  before  the  signal 
to  react  was  heard,  while  scarcely  a  series  passed  in  which  there  was 
not  one  or  more  reactions  to  a  warning. 

On  the  other  hand,  throughout  the  whole  course  of  experiments 
the  reactor  believed  that  he  was  reacting  in  the  sensorial  way.  The 
attention,  with  the  few  exceptions  about  to  be  mentioned,  was  invari- 
ably directed  to  the  ear  or  rather,  as  it  seemed  to  him,  to  the  sound 
to  be  heard.  The  eyes  turned  in  that  direction  and  there  was  a  dis- 
tinct feeling  of  accommodation  in  that  part  of  the  head,  due  to  a 
combined  muscular  and  nervous  excitation.  The  reactor  even  went 
so  far  as  to  attempt  reactions  after  the  muscular  way,  carefully  direct- 
ing the  attention  toward  the  hand  or  the  movement  to  be  made. 
In  one  case,  before  the  reaction  habit  had  been  formed,  the  reaction 
was  shortened  in  this  way  from  about  140^  to  100*^.  In  one  of  the 
later  series,  139,  an  effort  was  made  to  have  the  last  three  reactions 
muscular,  two  of  these  were  110^  and  112^  while  the  average  of  the 
other  half  of  the  series  was  142^  M.V.  8^.  These  would  seem  to  be 
true  cases  of  muscular  reaction,  if  there  be  such  a  thing.  But  in 
general  the  attempt  to  shorten  the  reaction-time  by  turning  the  at- 
tention toward  the  hand  or  the  movement  to  be  made  was  a  decided 
failure.  More  often  the  time  was  lengthened.  It  seemed  very  diffi- 
cult to  overcome  the  habit  of  turning  the  attention  toward  the  ear. 

It  would  seem  that  those  experiments  in  which  the  attention  was 
directed  to  a  peculiar  movement  of  the  hand  or  arm,  to  touching  as 
quickly  as  possible  some  point  near  the  key  or  raising  the  hand  as 
quickly  as  possible  to  the  shoulder,  satisfied  the  definition  of  mus- 
cular reaction.  Yet  none  of  these  show  any  signs  of  a  decrease  in 
the  reaction-time. 

Finally,  in  none  of  the  reactions  save  those  in  which  there  was  an 
attempt  at  the  muscular  method,  did  the  person  experience  that 
peculiar  physical  fatigue  which  is  generally  ascribed  to  the  mus- 
cular mode  of  reacting.  The  fatigue  was  always  mental.  As  such 
it  was  very  marked  at  the  end  of  five  or  six  series.  From  this  point 
of  view  these  reactions  must  be  regarded  as  sensorial. 
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But  again,  according  to  Wundt,  the  peculiar  nature  of  muscular 
as  opposed  to  sensorial  reaction  lies  in  the  fact  that,  while  the  sen- 
sorial reaction  contains  an  apperceptive  link  in  the  chain  of  causes 
leading  to  the  reaction,  this  disappears  in  the  muscular  method  and 
the  reaction  becomes  a  purely  automatic  brain  reflex. 

Turning  to  the  notes  taken  in  the  reaction-room  we  read,  "  Reac- 
tion a,  1,  series  96,  was  made  in  spite  of  a  resolve  not  to  react." 
This  was  certainly  a  purely  "  automatic  brain  reflex  "  and  contained  no 
"apperceptive"  link.  The  time  of  this  reaction  in  the  table  is  222^. 
The  average  of  the  rest  of  the  series  197*'  M.V.  26^.  Reaction  a,  9, 
series  134,  was  made  while  consciousness  was  entirely  absorbed  in 
something  else.  When  it  returned  to  the  scene  of  operations  it  was 
quite  surprised  to  find  that  a  stimulus  had  been  received  and  a  reac- 
tion made  in  its  absence.  Its  servants  had  done  better  than  it  ex- 
pected. Surely  this  must  be  an  "  automatic  brain  reflex,"  with  no 
trace  of  conscious  perception  or  *'  apperception."  The  time  was  183^, 
that  of  the  whole  series  124^  M.V.  7^ 

In  series  99  one  reaction  took  place  before  the  will  to  react.  That 
was  set  down  at  the  time  as  a  brain  reflex.  Its  time  however  was 
not  materially  different  from  that  of  the  other  reactions  in  the  series. 

Several  times,  for  instance  in  lu8,  it  was  remarked  that  a  reaction 
to  a  weak  sound  only  raised  the  finger  a  little  whereas  the  reaction 
to  a  loud  sound  raised  it  over  an  inch. 

These  instances  all  seem  to  show  that  as  soon  as  the  habit  is 
formed  all  our  reactions  are  in  the  main  brain  reflexes.  But  they 
show  just  as  conclusively  that  quick  reactions  are  something  more. 
The  reflex  action  left  to  itself  is  slow,  compared  with  the  reflex 
action  with  the  concentrated  effort  of  the  mind  to  hurry  it  along. 

Wundt  lays  great  emphasis  upon  reactions  to  the  wrong  signal  as 
proving  the  reflex  nature  of  muscular  reaction.  Mabtius*  takes 
him  to  task  for  this  and  prove's  that  he  is  wrong  by  showing  that  the 
same  phenomenon  occurs  in  sensorial  reactions.  Wundt  is  right. 
They  do  prove  that  muscular  reactions  are  brain  reflexes.  But  they 
also  prove  that  sensorial  reactions  are  reflex  in  exactly  the  same  sense. 
A  note  was  made,  referring  to  127a,  in  which  there  had  been  a  reac- 
tion to  a  warning,  "every  warning  is  heard  with  a  tendency  to 
react."  And  so  it  is  with  all  sounds.  All  sounds  tend  to  produce 
motion  in  some  part  of  the  body.  We  notice  it  in  the  case  of  loud 
sounds,  in  the  case  of  sounds  which  startle  us  and  especially  in  the 
case  of  rhythmic  musical  sounds.     In  the  same  way  reaction  is  a 

'  See  the  article  cited  above. 
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brain  reflex.  Therefore  the  difference  between  sensorial  and  mus- 
cular reactions  is  not  to  be  found  by  deciding  whether  or  not  they 
are  brain  reflexes. 

The  key-note  to  much  of  the  confusion  about  the  different  kinds 
of  reaction  lies  in  the  indefinite  use  of  the  word  attention  and  in  a 
lack  of  careful  introspective  analysis  of  what  actually  takes  place  in 
consciousness. 

The  word  attention  is  most  commonly  used  in  the  sense  of  idea- 
tional attention.  This  kind  of  attention  is  described  by  such  expres- 
sions as:  "Having  a  clear  idea  of  the  object  of  attention;"  "keep- 
ing the  object  in  the  foreground  of  consciousness  ;"  "  thinking 
about  an  object  calmly  and  quietly,  yet  clearly."  It  is  passive  as 
distinguished  from  the  two  following  varieties  of  attention.  There 
is  little  feeling  of  effort.  What  there  is,  is  largely  devoted  to  the 
inhibition  of  other  ideas.  Doubtless  there  is  a  slight  innervation 
and  muscHilar  contraction  but  they  are  not  prominent  in  conscious- 
ness. 

This  kind  of  attention  can  be  directed  to  any  part  of  the  body,  to 
any  motion  to  be  made  or  stimulus  to  be  perceived,  or  to  something 
entirely  disconnected  from  the  experiment.  For  instance,  in  one 
series,  90,  the  reactor  fixed  his  attention  on  a  lecture  which  he  had 
just  attended.  The  time  for  one  ear  was  200^  M.V.  ^7^,  for  two  ears 
ITO'^  M.V.  24^.  This  exceptionally  long  time  was  not  due  entirely  to 
voluntary  diversion  of  the  attention  ;  the  series  was  also  taken 
without  a  warning  to  tell  when  the  signal  was  to  be  expected. 

As  a  rule  this  kind  of  attention  does  not  shorten  reaction-time. 
So  far  as  <listinct  thought  forms  are  concerned,  the  nearer  a  blank 
the  mind  can  be  kept  the  more  satisfactory  seems  the  reaction. 

Often,  turninji:  the  attention  to  an(»ther  object  seems  to  facilitate 
the  movement,  just  as  in  writing  the  hand  moves  nwtv  freely  when 
the  attention  is  tlirectecl  tt)  the  word  beinir  written  than  when  it  is 
dirtH*tetl  to  the  muscular  effort  inv*»lve<l.  It  seems  to  drain  off  the 
surplus  itleational  force  i\\u\  K»ave  tlie  field  clear  for  the  reaction. 

Using  the  wonl  in  this  sense  Martus  is  right  in  criticizing  MuNS- 
TKRBKKi;  when  he  speaks  of  the  idea  oi  the  sound  as  fusing  with  the 
idea  of  a  movement  tt»  be  made.  There  is  no  fusing  together  of 
these  ideas.  Asst>eiatioii  is  the  word  whicli  des<.Tibes  their  relation 
to  one  another,  i\\u\  the  association  is  always  a  temporal  succession, 
so  far  as  the  ideas  themselves  are  concerned.  It  is  impossible  to 
ktH.»p  two  of  these  itleas  in  e*uiseioiisiiess  for  any  length  of  time. 
When  the  effort  is  made,  it  results  in  a  rapid  passing  frtun  t»ne  to  the 
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other.  First  one  comes  into  the  foreground  of  consciousness,  then 
the  other. 

A  second  sense  in  which  the  word  is  used  is  that  of  neural  atten- 
tion. Were  it  not  for  the  fact  that  the  word  usually  implies  an 
increase  in  the  muscular  tension  this  might  be  called  innervation. 
It  results  in  bringing  into  consciousness  the  neural  sensations.  Some- 
times it  seems  like  a  voluntary  control  of  the  nerve-force  'similar  to 
the  involuntary  change  which  is  produced  by  a  severe  strain  when 
an  increase  in  nervous  excitement  for  the  time  being  counterbalances 
physical  fatigue.  Closely  combined  with  it  there  may  be  more  or 
less  of  the  feeling  of  outgoing  will  force  as  experienced  in  willing- 
games  where  one  person  wills  another  to  do  some  particular  thing. 

This  is  closely  connected  with  a  third  meaning  of  the  word  atten- 
tion, namely,  feeling-attention,  i.  e.  the  becoming  immediately  con- 
scious of  different  parts  of  the  body,  which  may  be  expressed  either 
as  bringing  those  parts  into  consciousness  or  as  extending  conscious- 
ness into  them. 

Using  the  word  attention  in  either  of  these  meanings  it  is  pos- 
sible to  turn  the  attention  to  different  parts  of  the  body  at  the  same 
time  and  to  speak  of  ideas  melting  together.  But  the  ideas  here 
are  quite  different  from  those  which  we  found  in  the  first  division. 

In  one  case,  136,  this  attention  was  directed  to  all  parts  of  the 
body  at  the  sanfe  time.  It  seemed  to  increase  the  nei've-force  and  to 
result  in  a  general  excitement  of  the  whole  system.  The  average 
time  of  this  series  was  148*^  M.V.  11^,  that  of  the  series  just  before 
and  just  after,  under  the  same  conditions  was  129*^  M.V.  10^.  But 
a  single  experiment  is  hardly  sufficient  to  show  the  effect  of  this 
kind  of  attention.  No  experiments  were  taken  in  which  this  kind  of 
attention  was  directed  to  one  or  two  parts  of  the  body  during  a 
whole  series. 

A  fourth  sense  in  which  the  word  attention  is  used  is  that  of  mus- 
cular attention.  Involuntary  changes  in  the  condition  of  the  muscles 
take  place  in  response  to  various  psychical  changes  ;  for  example, 
they  become  tense  in  a  fit  of  anger.  To  a  large  extent  a  similar 
change  may  be  produced  by  voluntary  effort.  Something  similar  to 
this  is  usually  meant  by  the  expression  "  innervate  the  muscles."  We 
can  keep  the  muscles  of  the  hand  or  arm  relaxed  or  in  a  state  of 
tension  independent  of  the  three  kinds  of  attention  already  men- 
tioned. Record  100  is  an  example  of  this  ;  the  first  half  was  taken 
in  the  usual  wav  and  had  a  time  of  146*^  M.V.  33*^,  the  second  half 
was  taken  with  tense  muscles  and  had  a  time  of  120*^  M.V.  16*^.     In 
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one  of  the  experiments  in  this  series  the  motor  impulse  for  reaction 
was  not  strong  enough  to  overcome  the  pressure  on  the  key. 

A  fifth  way  in  which  attention  can  be  directed  is  best  expressed  as. 
a  preparation  of  the  path  for  the  motor  impulse  from  the  brain. 
This  consists  of  a  moderate  innervation  of  the  whole  nerve  tract,  a 
small  muscular  tension  and  an  effort  to  get  a  clear  idea  of  the  sound 
and  the  movement  to  be  made,  resulting  in  a  rapid  passing  of  the 
thought  from  one  to  the  other.  The  last  experiment  of  series  1 13 
was  made  in  this  way  ;  the  time  was  127*^,  that  of  the  whole  half- 
series  156*^  M.V.  15^. 

A  sixth  state  of  the  attention,  one  which  requires  as  much  effort 
of  a  certain  kind  as  anv,  is  that  of  inattention.  All  ideational  atten- 
tion,  all  neural  attention  and  muscular  attention  are  withdrawn 
leaving  the  reaction  mechanism  as  far  as  possible  to  work  automat- 
icallv.  This  reduces  the  circulation,  the  nervous  and  muscular  ten- 
sion  and  with  that  the  whole  energy  of  the  system.  The  tension  of 
the  muscles  becomes  so  weak  that  they  sometimes  fail  to  move  the 
very  light  spring  in  the  reaction-key.  By  this  means  many  persons 
are  able  to  put  themselves  to  sleep  in  a  short  time.  Series  210 
was  taken  in  this  condition;  the  time  was,  in  the  dark  14 1*'  M.V.  13*^ 
with  a  steady  light  in  the  Held  of  vision  140*^  M.V.  8*^. 

None  of  these  six  descriptions  accurately  state  the  condition  of  the 
attention  in  the  majority  of  our  experiments.  The^nost  prominent 
feature  was  always  an  expectant  attention,  a  strain  in  the  muscles  of 
the  ear  and  a  waiting  for  the  sound.  There  was  no  attempt  to  form 
an  idea  of  what  the  sound  was  to  be,  but  simply  an  effort  to  hear  it 
as  quickly  as  possible.  At  the  same  time  there  was  an  under-current 
of  neural  and  muscular  attention  directed  to  the  hand  and  arm.  If  it 
is  proper  to  use  the  terms  primary  and  secondary  consciousness,  the 
primary  was  engaged  with  the  sound,  the  secondary  with  the  motor 
apparatus. 

Aside  from  these  seven  phases  of  attention  numerous  other  com- 
binations of  the  three  elements  are  possible.  The  dividing  line  be- 
tween the  classes  is  not  a  sharp  one.  All  three  or  any  one  can  be 
given  especial  prominence.  Certainly  the  expressions  muscular  reac- 
tion and  sensory  reaotii>n  are  of  thenisolvos  very  indefinite  and  ^ve 
no  accurate  descriptions  of  the  distril)utit)n  of  psychic  energy. 

With  these  different  kinds  of  attention  in  mind  it  would  be  impos- 
sible to  agR»e  with  Jamks  when  he  says,' in  speaking  of  Wcndt's 
and    Exner's  experiments,    **The   preparation   to  react  consists  of 

*  Principles  of  PsychoKvy.  I  4;18. 


Investigations  in  renction-time  and  attention.  43 

nothing  but  the  anticipatory  imagination  of  what  the  impressions  or 
the  reactions  are  to  be  "  and  "  It  is  impossible  to  read  Wundt's  and 
Exner's  pages  and  not  to  interpret  the  *  Apperception '  and  *  Spannung ' 
and  other  terms  as  equivalent  to  imagination."  A  little  practice  will 
enable  one  to  become  master  of  all  the  different  phases  of  attention 
here  mentioned  and  many  others  more  difficult  to  describe. 

The  remarks  thus  far  have  referred  to  voluntary  attention.  On 
the  other  hand  there  is  a  large  involuntary  element  always  present  in 
the  state  of  attention  at  any  given  time.  This  changes  with  practice 
and  with  the  mental  and  physical  condition.  One  naturally  falls 
into  a  habit  of  reaction.  The  attention  in  that  case  is  largely  invol- 
untarv  and  resists  all  efforts  of  attention  in  other  directions  but  co- 
operates  with  additional  voluntary  attention  in  the  same  direction. 
When  a  person  is  sleepy  he  has  little  control  over  the  attention. 
The  same  is  true  when  he  is  wrought  up  to  a  high  state  of  nervous 
excitement. 

The  mass  of  bodily  feelings  varies  with  changing  physical  con- 
ditions ;  when  one  is  fresh  and  vigorous  they  are  large  and  massive 
and  the  motor  impulse  to  reaction  seems  to  meet  more  or  less  resist- 
ance in  passing  through  them.  After  prolonged  bodily  or  nervous 
strain  these  feelings  tend  to  grow  less  and  their  center  gradually 
rises.  The  extremities  drop  out  of  consciousness  and  the  reaction 
seems  to  take  place  with  less  resistance.  The  background  of  all 
these  various  forms  of  attention  is  the  constant  play  of  psychic  life. 
Waves  and  ripples  of  feeling  and  conation  are  incessantly  passing 
through  the  mind.  More  clear  cut  and  easily  recognized  are  the 
ideas  and  images  of  the  memory  or  imagination  which  follow  each 
other  at  their  own  fancy.  Now  they  pass  along  lightly  like  fleecy 
clouds  over  a  summer  sky.  At  the  sound  of  the  warning  they 
vanish  from  consciousness  and  all  the  energies  of  the  mind  are  bent 
to  catch  the  coming  stimulus  and  make  the  reaction.  At  another 
time  the  thoughts  roll  along  like  heavy  irresistible  storm-clouds. 
They  heed  not  the  faint  warning  or  even  the  signal  itself.  Through- 
out a  whole  series  the  mind  will  be  busily  engaged  inventing  new 
apparatus,  improving  the  old  or  struggling  with  some  great  problem 
of  life.  The  reaction,  so  far  as  consciousness  is  concerned,  goes  on 
automatically.  No  amount  of  effort  at  the  end  of  the  series  can  call 
into  consciousness  a  single  fact  connected  with  the  reaction,  nothing 
save  the  elements  of  this  dream-like  stream  of  consciousness.  But 
during  such  a  series  let  there  be  a  break  in  the  regularity  in  the 
recurrence  of  warning  or  signal  and  the  mind  is  instantly  alert  to 
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inquire  into  the  matter.  Though  apparently  absorbed  in  other 
matters,  yet  there  is  a  kind  of  unconscious  attention  being  directed 
to  the  reaction. 

Again,  when  the  mind  is  apparently  wholly  engaged  in  the  matter 
of  reacting,  an  idea  will  suddenly  come  into  the  mind  from  some 
mysterious  quarter  with  force  enough  to  carry  away  for  the  moment 
all  the  attention,  unconscious  as  well  as  conscious.  In  series  127 
there  was  such  an  instance.  An  idea  suddenly  flashed  upon  the 
mind  just  as  the  signal  was  heard  and  the  motor  impulse  being 
started  ;  the  whole  force  of  the  attention  was  diverted  and  the  only 
impulse  which  reached  the  hand  was  a  tremor  too  weak  to  raise  the 
finger. 

These  observations  and  others  suggested  by  the  summary  of  the 
notes  taken  during  the  course  of  the  experiments  show  that  there  is 
still  much  which,  can  be  learned  about  the  mind  and  its  processes 
from  the  study  of  reaction-time.  They  suggest  a  large  number  of 
experiments  which  might  be  carried  out  along  the  different  lines  of 
attention.  Most  of  all  they  emphasize  the  great  value  of  introspec- 
tion. For  the  rougher  work  in  reaction-time  this  may  not  be  neces- 
sarv.  We  can  easilv  detect  differences  in  reaction-time  due  to  the 
presence  of  very  distracting  influences,  to  the  effect  of  practice,  to 
changes  in  intensity  of  the  stimulus,  to  a  change  in  the  quality  of 
the  stimulus,  and  to  many  similar  changes.  But  as  soon  as  we 
inquire  into  the  nature  of  reaction,  and  try  to  make  quantitative 
estimates  of  these  changes  and  to  learn  more  about  the  nature  of 
the  mind's  activities,  then  introspection  is  necessary. 

Some  will  criticise  these  reaction-experiments  because  they  were 
all  made  upon  one  person,  and  therefore  can  give  no  idea  of  what 
would  be  the  result  in  another  case.  Thev  sav  that  results  to  be  of 
value  must  be  made  u])on  a  great  many  persons  and  the  average 
computed  as  has  been  done  in  the  case  of  physical  measurements. 

In  reply  it  may  be  said  of  physical  measurements  that  while  statis- 
tical results  from  one  point  of  view  are  of  great  value  yet  all  the 
important  discoveries  in  physiology  have  been  made  upon  individuals. 
Statistics  would  never  have  discovered  the  circulation  of  the  blood 
or  the  constituent  parts  of  the  brain.  The  human  body  is  for  the 
most  part  the  same  the  world  over  and  a  discovery  in  anatomy  in 
one  body  holds  good  in  all  others.  The  same  thing  is  true  in  psy- 
chology. Nearly  all  tl>e  results  thus  far  obtained  have  been  gained 
from  the  studv  of  individuals.  The  human  mind  like  the  human 
body  is  for  the  most  part  the  same  in  its  workings  everywhere  and 
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a  discovery  in  one  mind  will  hold  good  for  other  minds.  Though 
important  results  will  be  reached  along  statistical  lines  yet  the 
greatest  advance  in  the  future  as  in  the  past  will  in  all  probability 
be  made  by  discoveries  in  investigating  individuals. 

EXPEBIMENTS   SHOWING   THE    EFFECT  OF   CHANGES    IN   THE    STATE    OF 
ATTENTION   UPON   THE    MAXIMUM     RATE    OF   VOLUNTARY 

MOVEMENT. 

In  a  series  of  experiments  carried  on  at  Clark  University,  Dress- 
lab  found  that  the  time  required  to  make  300  taps  varies  with 
different  individuals  and  with  a  change  in  the  mental  and  physical 
condition  of  the  same  individual.  Increased  central  activity  favored 
an  increase  in  the  rate  of  voluntary  movement.*  Bryan  continuing 
the  investigations  upon  a  large  number  of  school  children  found  that 
the  rate  of  tapping  for  the  different  joints  of  the  hand  and  arm 
varied  with  children  of  different  ages  m  accordance  with  their 
physical  and  mental  development.'  Many  interesting  points  were 
brought  out  as  to  the  effect  of  fatigue  and  the  relative  development  of 
the  different  joints.  But  with  the  apparatus  which  they  used  it  was 
impossible  to  show  the  relation  between  the  individual  taps  of  the 
series.  The  most  that  could  be  done  in  that  line  was  to  detect  a 
slight  decrease  in  rapidity  due  to  fatigue  when  more  than  300  taps 
were  taken  at  a  time.  Otherwise  it  was  taken  for  granted  that  the 
rate  was  uniform  throughout  the  series. 

The  following  experiments  were  taken  with  the  purpose  of  inves- 
tigating this  question  of  the  uniformity  of  rate.  Our  reaction-time 
apparatus  offered  the  best  possible  means  for  measuring  the  interval 
between  each  successive  tap.  The  taps  were  made  upon  the  reaction- 
key  in  the  dark  room,  and  recorded  by  the  electric  sparks  on  the 
smoked  paper  of  the  drum.  About  300  taps  could  be  recorded  on 
one  paper  by  turning  the  drum  slowly.  An  electro-magnetic  time- 
marker  was  placed  beside  the  tuning-fork  and  connected  with  a  pen- 
dulum which  beat  seconds.  This  enabled  one  to  tell  at  a  glance  the 
number  of  taps  in  a  second  in  any  part  of  the  curve  while,  without 
it,  it  was  necessary,  in  order  to  find  the  number  of  taps  in  a  second, 
to  add  up  the  successive  intervals,  given  in  thousandths  of  a  second, 
antil  they  amounted  to  a  second,  and  so  on  throughout  the  series. 


^  Some  influences  which  affect  the  rapidity  of  voluntary  move^nentSj  Am.  Jour. 
Psych.,  1891  rV  514. 
•  On  the  development  of  voluntary  motor  ability y  Am.  Jonr.  Psych.,  1893  V  1. 
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As  a  matter  of  fact  this  longer  process  M'as  gone  through  in  the  pre- 
paration of  the  curves  described  below  because  there  was  a  slight 
irregularity  in  the  successive  spaces  marked  off  by  the  pendulum, 
due  to  the  fact  that  the  mercury  contact  was  not  made  exactly  in 
the  middle  of  the  arc  of  oscillation. 

A  click  on  the  bell  was  the  signal  to  begin  tapping  and  the  instruc- 
tions were  to  tap  as  rapidly  as  possible  until  a  second  click  announced 
that  the  record  was  complete. 

TABLE  VIII. 
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139 
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15 
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16 


10       ! 


No.,  number  of  group. 
A,  average  time. 


6 


6 


Table  VIII  gives  a  summary  of  the  figures  for  one  experiment. 
Tliere  were  180  taps,  or  rather  intervals  ])etwecn  successive  taps, 
recorded  in  this  experiment.  They  were  collected  into  groups  of 
nine  for  the  puq)ose  of  showing  the  gradual  changes  in  the  rate 
during  the  series;  instead  of  finding  that  the  intervals  are  all  the 
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same,  we  found  a  continual  variation.  During  the  180  taps  there 
were  only  four  cases  where  successive  intervals  were  recorded  as  the 
same.  The  intervals  were  collected  into  groups  of  nine  for  the  pur- 
pose of  showing  the  gradual  changes  in  the  rate  during  the  series; 
only  the  averages  of  these  successive  groups  are  given  in  the  table. 
The  deviation  of  the  individual  intervals  was  computed  in  two  ways. 
The  first  deviation-column  represents  the  average  deviation  of  each 


TABLE  IX. 


1 

Name     i 
W.  I.  C. 

Date 
Feb.  25. 

1 
A 

138 

i 

1 
147      1 

MV 

T 

7.5 
6.8 

8 

9.8 
9.5 

89.9 
44.1 

1 

1 

Feb. 

28. 

1 

II 

145      ' 

i 

9. 
10. 

9. 

9.3 
11. 

6.9 

48.5 

n 

II 

69 
7.2 

7.1 
5.7 
8.5 

44.1 

11 

II 

138 

49.4 
44.2 
52.5 

1 

Average 

142      ' 

C.  B.  B. 

Mar. 

24. 

175 

Dresalar 

117 

1 

1 

35.3 

50.4 

1 

tt 

Av.  of  20 
visitors 

,        167 

6.0 

A,  average  time. 

T,  number  of  taps  per  second. 

Sf  nomber  of  seconds  for  300  taps. 

interval  of  the  group  from  the  total  average  of  the  180  intervals. 
The  second  column  represents  its  deviation  from  the  average  of  its 
own  group  of  nine.  The  difference  between  the  two  is  due  to  the 
gradual  change  in  rate.  Looking  at  the  first  column  one  would  say 
that  the  irregularity  of  tapping  increased  very  fast  toward  the  end 
of  the  series  but  a  glance  at  the  second  column  shows  that  this  was 
not  the  case.  *  On  the  contrary  there  is  a  steady  increase  in  the 
regularity  of  the  intervals  in  the  different  groups  but,  owing  to  the 


48  Investigations  in  reaction-time  and  attention. 

rapid  increase  in  the  intervals  themselves,  the  deviation  of  the  later 
groups  from  the  total  average  is  greater  than  that  of  the  earlier 
ones. 

Six  of  these  experiments  or  sets  of  taps,  were  taken  and  they  all 
show  the  same  general  results.  The  average  for  the  successive 
groups  of  nine  taps  for  the  six  experiments  were  140*^,  137^,  136*^, 
134^  139^  144*^,  146^  147^  148^  150^  145^  150^  150^  154^,  164*', 
154^,  153^,  152^  and  150^.  These  averages  show  an  increase  in  the 
rapidity  of  tapping  for  the  iirst  four  groups  of  nine.  After  that 
there  is  a  gradual  falling  off  for  five  groups  then  a  slight  recovery 
during  two  groups  followed  by  a  still  greater  slowing  up  for  four 
groups  and  then  another  slight  recovery.  The  average  of  the  first 
set  of  groups  is  140*^,  that  of  the  nineteenth,  which  is  the  last  to 
contain  records  from  all  the  six  experiments,  is  150^. 


Fig.  14. 

Table  IX  contains  the  final  averages  of  the  six  experiments. 
Besides  the  average  interval  between  successive  taps,  and  the  average 
deviation  from  it,  the  number  of  taps  per  second  has  been  computed, 
and  also  the  time  required  to  make  300  taps.  This  was  done  for  the 
purpose  of  comparing  the  results  with  those  obtained  by  Dbesslab 
and  Bryan.  The  time  required  for  300  taps  is  naturally  somewhat 
less  than  it  would  have  been  if  that  number  of  taps  had  actually 
been  made ;  for  the  experiments  show  that  the  last  taps  of  a  series 
are  much  slower  than  the  first  owing  to  fatigue. 

However,  we  are  not  so  much  concerned  with  the  number  of  taps 
in  a  series  as  with  the  regularity  of  the  intervals  between  the  suc- 
cessive taps.  This  can  be  studied  much  more  satisfactorily  by  means 
of  graphic  representation  than  by  tables.  Accordingly  the  records 
of  two  series  have  been  plotted.  The  resulting  curves  are  giv^n 
in  fig.  14.  ^ 

The  curves  represent  the  intervals  between  the  successive  taps  of 
each  series.  The  abscissas  show  the  place  of  each  tap  in  the  series 
while  the  ordinates  represent  the  length  of  the  interval  between  two 
adjacent  taps,  each  vertical  division  on  the  paper  representing  10^ 
and  the  horizontal  line  being  taken  to  represent  150*^.  Thus  the 
high  parts  of  the  curve  correspond  to  slow  and  the  low  parts  to 
rapid  rates  of  tapping.     The  short  vertical  lines  mark  off  the  seconds. 
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A  glance  at  these  curves  shows  how  the  interval  between  the  taps 
is  constantly  varying.  Only  in  a  very  few  instances  does  it  remain 
the  same  for  two  successive  intervals.  For  two,  three  or  even  four 
successive  taps  there  will  be  a  gradual  increase  in  the  rate  until 
the  mind  is  satisfied  with  its  work  or  until  it  is  unable  to  keep  up 
this  high  strain  of  attention,  when  the  rate  again  falls  off.  This 
effect  can  be  seen  in  the  second  and  third  iseconds  of  the  first  curve. 
Again  as  in  the  fourth  and  fifth  seconds  of  this  same  series  the 
process  of  change  is  more  rapid.  The  rate  alternately  rises  and 
falls  with  each  successive  tap.  In  the  sixth  second  the  rate  falls  off 
for  three  intervals,  gains  in  the  next  what  was  lost  in  the  last  two, 
and  again  loses  the  same  in  the  two  following.  Most  of  these 
changes  pass  unnoticed  by  the  person  while  he  is  tapping.  He 
is,  however,  at  times  conscious  of  a  falling  off  in  the  concentration 
of  attention  and  tries  to  correct  it  by  a  special  effort. 

The  second  curve,  corresponding  to  the  record  of  C.  B.  B.  in  table 
IX,  is  almost  entirely  above  the  160^  line,  showing  a  slower  rate  of 
tapping  than  the  other  experiments.  The  explanation  of  this  is  the 
fact  that  the  experimenter  had  learned  of  the  great  irregularity  of 
the  intervals  and  in  this  case  aimed  to  tap  as  regularly  as  possible 
rather  than  as  fast  as  possible.  The  result  shows  a  slower  rate  but 
also  the  same  irregularity,  the  same  increase  and  falling  off  in  the 
rate,  now  rapid,  now  gradual. 

In  all  of  these  records  aside  from  the  usual  variation  in  rate  there 
are  a  few  unusually  long  or  short  intervals.  In  the  nature  of  the 
case  there  are  more  long  ones  than  short  ones.  In  one  case  there 
seems  to  have  been  a  momentary  break  in  the  series,  due  very  likely 
to  a  condition  sometimes  experienced  by  other  persons  in  similar 
experiments.  All  of  a  sudden  in  the  midst  of  a  series  of  taps  the 
arm  seems  to  be  momentarily  paralyzed. 

Over  and  above  this  variation  in  the  rate  from  one  tap  to  another 
there  are  larger  gradual  changes  from  second  to  second.  During 
the  first  second  there  is  always  a  general  increase  in  the  rate.  After 
the  middle  of  each  curve  there  is  a  gradual  slowing  up.  Dbesslar 
detected  signs  of  fatigue  after  300  taps.  My  experiments  show  a 
decrease  in  the  rate  soon  after  100  taps. 

But  aside  from  these  two  changes  in  the  rate,  an  alternate  increase 
and  decrease  of  the  successive  intervals  and  a  gradual  slowing  up  to- 
ward the  end,  there  is  a  third  change  brought  out  by  these  curves, 
which  is  of  great  interest.  If  we  turn  the  curves  around  and  look  at 
them  from  the  end  so  that  the  line  of  vision  makes  a  small  angle  with 
4 
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the  plane  of  the  paper  we  notice  a  gradual  rise  and  fall  of  the  cunre 
every  two  or  three  seconds.  This  is  doubtless  due  to  the  gradual 
rise  and  fall  of  the  attention  and  corresponds  to  the  alternate  appear- 
ance and  disappearance  in  consciousness  of  a  sound  just  loud  enough 
to  be  heard,  as  for  example  the  ticking  of  a  watch  held  at  just  the 
right  distance,  and  with  the  alternate  appearance  and  disappearance 
of  faint  rings  on  a  rapidly  rotating  disk.*  The  chief  point  of  differ- 
ence is  that  in  those  cases  the  phenomenon  is  a  matter  of  con- 
sciousness whereas  in  this  case  the  person  is  entirely  unconscious 
of  the  rise  and  fall  in  the  rate.  This  fact  shows  that  the  rise  and 
fall  are  not  confined  to  ideational  attention  but  are  also  character- 
istic of  the  subconscious  muscular  attention.  These  results  agree 
with  those  recently  obtained  in  the  field  of  sight  and  hearing'  in  not 
showing  any  regular  period  of  rise  and  fall.  In  general  it  occurs 
every  three  or  four  seconds. 

In  the  second,  third,  fourth  and  fifth  experiments  an  effort  was 
made  to  distract  the  attention  of  the  person  tapping.  The  warning 
and  signal  used  in  reaction-experiments  were  sounded  several  times 
and  the  tuning-fork  sound  described  in  one  of  the  experiments  in 
reaction-time  was  turned  on  while  the  ear  was  at  the  telephone. 
In  some  cases  there  may  have  been  slight  changes  in  the  rate  of 
tapping  owing  to  their  influence,  but  that  was  by  no  means  clear. 
In  fact  such  weak  sounds  would  hardly  be  expected  to  produce 
much  disturbance  in  such  heavv  work. 

In  the  sixth  series  the  distractions  were  greater  and  show  them- 
selves plainly  in  the  second  curve.  They  were  produced  by  an  assis- 
tant in  the  reaction-room.  A  second  electro-magnetic  marker  was 
placed  on  the  drum  and  connected  with  another  key  in  the  reaction- 
room  ;  by  means  of  this  key  the  assistant  could  register  by  the  side 
of  the  time  curve  the  beginning  and  the  end  of  each  disturbance. 

The  nature  and  place  of  the  disturbances  are  noted  just  above  the 
curve;  their  duration  is  indicated  by  the  length  of  the  short  lines 
above  the  curves.  In  every  case  it  will  be  seen  that  the  disturbance 
produced  marked  changes  in  the  rate.  The  blowing  of  a  loud 
whistle  was  followed  by  a  great  irregularity.  The  mental  addition 
of  214  and  23  at  first  made  the  rate  very  regular,  more  so  than  at 
any  other   point   in    all   the  series.      This   was   during   the  period 


'  Lanoe,  Beitrdge  zur  Theorie  der  sinnlichen  Aufmerksamkeit  und  der  aetiven 
Apperception,  Phil.  Stud.  1888  IV  390. 

*  Marbe,  Die  Schtvankungen  der  Gesichfsempjindungen,  Phil.  Stud.  1892  VIII 
614. 
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between  hearing  the  problem  and  beginning  to  solve  it.  At  first 
the  person  was  reluctant  to  undertake  the  problem.  He  felt  that  all 
his  energies  should  be  directed  to  the  tapping  but  finally  realizing 
that  the  problem  must  be  solved  he  went  at  it.  The  first  attempt 
at  solution  produced  marked  irregularly  and  real  work  was  accom- 
panied by  a  steady  falling  off  in  the  rate.  As  soon  as  the  answer 
was  reached  the  attention  returned  to  the  tapping  and  the  rate 
rapidly  recovered. 

A  clicking  with  the  tongue,  such  as  is  used  to  make  a  horse  go 
faster,  owing  to  this  association  seemed  accompanied  by  irresistible 
impulse  on  the  part  of  the  person  tapping  to'  accelerate  his  move- 
ments. There  was  a  slight  falling  off  in  the  rate  at  the  first  sur- 
prise and  then  a  gradual  increase  for  four  taps.  But  to  the  great 
surprise  of  the  person  who  did  the  tapping,  the  rate  did  not  exceed 
that  which  had  been  maintained  since  the  last  disturbance.  The 
mental  multiplication  of  14  by  5  produced  great  irregularity  as  well 
as  a  general  decrease  of  the  rate.  The  sight  of  a  lighted  match, 
however,  produced  great  regularity  and  a  steady  increase  in  the 
rate. 

This  sudden  increase  in  the  regularity  of  tapping  without  a 
marked  change  in  the  rate,  when  the  attention  is  attracted  by  some 
other  object,  is  similar  to  the  fact  noticed  in  some  of  the  experiments 
in  reaction-time,  namely,  that  more  regular  results  were  sometimes 
obtained  when  the  mind  was  partially  absorbed  in  other  things. 
The  more  superficial,  ideational  attention  is  directed  to  them  while 
the  unconscious  muscular  attention  which  is  largely  a  matter  of 
habit  runs  along  more  smoothly  and  automatically.  As  the  mind  is 
absorbed  in  the  secondary  problem,  the  more  substantial  subcon- 
scious attention  gradually  withdraws  from  the  muscular  effort  and 
reinforces  the  mental  effort. 

On  the  other  hand,  as  was  also  shown  in  the  reaction  experiments, 
some  sudden  surprise,  in  this  case  a  clicking  sound  or  a  lighted 
match,  at  once  draws  away  the  deeper  as  well  as  the  more  superficial 
attention.  But  as  soon  as  the  surprise  is  over  there  is  no  strong 
intellectual  effort  required  to  watch  the  light  and  the  subconscious 
attention  returns  unhindered  to  its  habitual  task,  while  the  more 
fickle  ideational  attention  remains  captivated  by  the  new  sensation. 

There  can  be  no  question  that  these  last  changes  in  the  rate  of 
tapping  are  due  to  disturbances  of  the  attention.  There  can  also  be 
no  question  that  the  second  change  mentioned,  namely  the  gradual 
slowing  up  after  the  first  ten  seconds,   is  due   to  fatigue.     This 
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fatigue  may  be  psychical,  muscular  or  neural.  Judging  from  the 
results  obtained  by  Lombard  in  his  investigation  of  the  amount  of 
work  which  can  be  done  by  a  person  under  different  conditions/  it 
is  probable  that  the  fatigue  is  in  the  nerve  centres. 

In  the  case  of  the  change  first  described,  namely  the  variation 
from  tap  to  tap,  the  cause  is  not  so  evident.  The  fact  that  a  partial 
withdrawal  of  the  attention  stops  it  and  makes  the  intervals  regular 
indicates  a  psychical  cause.  Under  the  additional  strain  of  con- 
scious voluntary  attention  the  nerve  mechanism  acts  more  irregu- 
larly. Irregularity  seems  to  be  a  characteristic  of  the  higher  forms 
of  psychic  life.  The  usual  explanation  is  that  there  are  two  sets  of 
nerve  centres  involved,  the  higher  more  unstable  brain-centres  and 
the  lower  more  automatic  ones  of  the  smaller  brain  and  spinal  cord. 
A  disturbance  of  the  attention  is  supposed  to  cut  off  the  higher 
centres  from  the  circuit  engaged  in  the  muscular  action.  Yet  both 
in  the  tapping  and  the  reacting  it  was  seen  that  further  central 
activity  was  accompanied  by  further  decline  in  the  muscular  rate. 
Therefore  it  seems  proper  to  speak  of  a  subconscious  attention  in 
this  connection. 

The  explanation  of  the  third  change  in  the  rate,  namely  the 
gradual  rise  and  fall,  is  still  more  uncertain.  Many  persons  will 
object  to  the  use  of  the  word  attention  in  this  connection.  They 
would  claim  that  it  is  a  purely  muscular  phenomenon  and  regard  it 
as  supporting  Munstkrberg's  explanation  of  the  appearance  and  dis- 
appearance of  faint  visual  images.  The  disappearance,  he  thinks,  is 
due  to  fatigue  of  the  muscles  of  the  eye.  As  soon  as  the  image  dis- 
appears they  relax  and  begin  to  recover  ;  when  they  have  regained 
their  strength  the  object  comes  into  consciousness  again.' 

It  seems  certain  that  this  rise  and  fall  in  the  rate  must  be  closely 
connected  with  the  appearance  and  disappearance  in  consciousness 
of  faint  sensations  but  it  seems  equally  certain  that  they  are  not  due 
to  muscular  fatigue.  In  the  first  place,  it  must  be  remembered  that 
this  rapid  tapping  is  not  a  mere  muscular  operation ;  we  have  seen 
that  the  rate  changes  with  changing  psychic  states.  In  the  second 
place,  there  is  no  chance  for  the  muscles  to  recover  while  the 
tapping  continues.  In  the  case  of  the  eye  there  is  a  possibility  that 
the  muscles  relax  when  the  image  disappears.  Not  so  here.  In  the 
third  place,  the  real  fatigue  shows  itself  in  the  general  slowing  up 
of  the  rate. 


*  Same  of  the  influences  which  affect  the  power  of  voluntary  muscular  contrcie- 
tions,  Jour.  Physiol.  1892  XIII  Pts.  1  and  2. 

•  M^NSTEBBEBO,  Beitrdge  zur  experimentellen  Psyehologie  1889  II  69. 


Investigations  in  reaction-thne  and  attention.  53 

Conclusions  from  the  introspective  observations. 

1.  Reaction-time  is  constantly  affected  by  irregular  disturbances  a 
large  part  of  which  may  be  detected  by  introspection. 

2.  Introspection  is  not  to  be  trusted  in  estimating  results. 

3.  Exercise  shortens  reaction-time. 

4.  Reactions  to  the  wrong  signal,  reactions  before  the  signal  is 
heard  and  the  reflex  nature  of  reactions  are  not  sufficient  criteria  to 
distinguish  muscular  from  sensorial  reactions. 

5.  There  are  at  least  six  distinct  kinds  of  voluntary  attention; 
ideational  attention,  neural  attention,  feeling  attention,  muscular 
attention,  preparatory  attention  and  inattention. 

6.  The  involuntary  attention  is  constantly  changing. 

Experiments  showing  the  influence  of  disturbances  of  the 
attention  upon  the  voluntary  control  of  muscles. 

There  have  been  various  devices  invented  to  show  the  effect  upon 
the  body  of  various  psychical  disturbances.  Some  of  the  effects 
which  have  been  pointed  out  are  a  rise  in  the  temperature  of  the 
brain,  a  change  in  the  circulation,  a  contraction  of  involuntary  mus- 
cles, increased  activity  in  the  various  glands,  and  a  change  in  the 
force  with  which  the  muscles  can  be  contracted.  Lombard  found 
that  the  kiiee-jerk  showed  marked  changes  in  the  case  of  mental 
disturbances.  We  have  seen  that  the  reaction-time  and  rate  of 
tapping  are  influenced  in  a  similar  way.  Jastrow'  describes  a  piece 
of  apparatus  which  he  calls  the  automatograph,  constructed  for  the 
purpose  of  registering  involuntary  movements  of  the  hand.  The 
hand  is  placed  on  a  freely  moving  table  to  which  there  is  attached 
a  marker  that  records  every  movement  upon  a  smoked  paper.  It 
was  found  that  when  the  apparatus  is  screened  from  the  eyes  of  the 
person  experimented  upon  that  the  hand  involuntarily  follows  in  the 
direction  toward  which  the  attention  is  turned. 

During  the  course  of  my  experiments  Dr.  Scripture  suggested 
that  the  accuracy  with  which  a  person  could  steadily  point  to  a 
given  spot  would  be  a  measure  of  the  amount  of  attention  he  could 
direct  toward  the  work.  In  accordance  with  that  suggestion  the 
apparatus  shown  in  flg.  15  was  arranged  to  measure  this  accuracy.  It 
differed  fundamentally  from  Jastrow^s  automatograph.     In  his  case 


*  Jastbow,  Studies  from  the  University  of  Wisconsin^  Am.  Jonr.  Psych.  1891 
IV  398;  ia92  V  228. 
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the  pointer  was  concealed  from  the  person  performing  the  experi- 
ment; here  the  pointer  was  in  full  view  and  every  effort  was  made  to 
keep  it  steadily  opposite  a  given  mark. 

A  receiving  tambour  was  fixed  to  a  standard  in  a  horizontal  posi- 
tion, face  upward,  so  that  the  lever  moved  in  a  vertical  plane.  A 
light  pointer  eight  inches  long  was  attached  to  the  lever.  Back  of 
the  tip  of  this  pointer  a  piece  of  card-board  was  fixed  in  a  vertical 
position  parallel  to  the  plane  of  the  lever.  A  dot  was  made  on  this 
card-board  just  below  the  end  of  the  pointer.  The  recording 
tambour  was  adjusted  to  register  the  movements  of  this  lever  upon 
the  smoked  paper  on  the  drum.  An  electro-magnetic  time-marker 
was  placed  by  the  side  of  the  recording  tambour  and  connected  with 
a  pendulum  which  beat  seconds. 


Fig.  15. 

This  apparatus  having  been  arranged  in  a  convenient  position,  a 
person  placed  his  finger  on  the  lever  of  the  receiving  tambour  and, 
with  the  whole  arm  free,  kept  the  end  of  the  pointer  as  steadily  as 
possible  opposite  the  dot  on  the  paper.  It  was  found  impossible  to 
keep  the  point  exactly  opposite  the  dot;  there  was  a  constant  vibra- 
tion above  and  below.  Within  certain  limits  the  movements  of  the 
point  increased  or  decreased  inversely  with  the  amount  of  attention 
given  to  the  work. 

Figs.  16-19  contain  sections  cut  from  the  record  of  one  of  these 
experiments.  The  upper  curve  was  drawn  by  the  lever  of  the  regis- 
tering tambour  and  shows  the  vertical  movement  of  the  finger.  The 
heavy  broken  line  was  made  by  the  time-marker  and  each  section 
represents  one  second.  The  fact  that  some  are  longer  than  others 
shows  that  the  drum  was  not  turned  with  uniform  speed  ;  this  fact 
must  be  kept  in  mind  while  examining  the  reconls. 

The  irregular  shape  of  the  curve  shows  the  constant  movement 
of  the  finger.  In  the  centre  of  each  of  these  sections  there  is  a  still 
greater  irregularity.  These  disturbances  all  corres])ond  to  disturb- 
ances of  the  attention  at  the  time  the  record  was  made. 
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A  mark  shows  the  point  where  the  disturbance  began,  the  white 
mark  toward  the  right  marks  the  point  where  the  disturbance 
ceased. 


Fig.  16. 


Fig.  17. 


Fig.  18. 


Fig.  19. 

Fig.  16  shows  the  effect  of  an  accidental  distraction.  There  is 
great  irregularity  just  at  the  time  when  another  person  happened  to 
leave  the  room.  The  first  half  of  fig.  17  indicates  the  effect  of  a 
sound  which  originated  in  another  room.  The  distraction  seemed 
to  steady  the  hand  ;  great  irregularity  occurs  about  the  time  of 
return  of  attention.  Fig.  18  shows  the  effect  of  the  mental  subtrac- 
tion of  88  from  89.  In  this  case  the  problem  was  so  simple  that 
the  answer  was  given  immediately,  yet  the  disturbance  is  very 
marked.  In  fig.  19  the  attention  was  drawn  away  from  the  work 
in  hand  by  a  person  walking  around  the  room. 

These  are  only  a  few  of  the  instances  in  this  one  experiment 
which  show  the  inability  of  the  mind  to  resist  the  smallest  influences 
even  when  the  will  is  set  resolutely  against  them.  It  seems  that  in 
cases  where  the  attention  is  distracted  in  a  way  such  as  to  cause  a 
tendency  to  move  the  eyes  or  when  mental  work  is  being  done,  the 
control  of  the  muscles  is  uncertain.  When  the  disturbance  is  a 
slight  one,  such  as  noticing  a  noise  in  another  room,  the  distraction 
seems  to  aid  the  regularity.  This  latter  case  seems  to  be  analogous 
to  the  well-known  fact  that  we  can  perform  numerous  actions  much 
better  when  only  half  attending  to  them. 
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C.  E.  Seashore. 

Though  the  limits  of  accommodation  and  related  problems  have 
received  due  attention  from  Helmholtz  and  others,  the  time  of 
changing  the  focus  of  the  eye  has  hitherto  been  scarce  investigated. 
VoLKMANN*  seems  to  have  been  the  first  to  experiment  upon  the 
subject.  By  applying  Scheiner's  experiment  he  found  that  he  could 
change  the  accommodation  of  his  practiced  left  eye  2?  times  from 
11  in.  to  6  in.  and  back  in  half  a  minute.  Yiebobdt'  devoted  a 
special  treatise  to  the  subject  in  1857  and  Aebt'  later  examined  the 
duration  of  the  act  of  accommodation  within  the  limits  of  315""°. 
The  latest  and  only  important  investigation  on  the  subject  that  has 
come  to  the  writer's  notice  is  a  series  of  experiments  by  Babbbtt.* 
It  will  be  referred  to  and  compared  with  the  present  study  from 
which  it  differs  both  as  to  method  and  results.  The  success  of  these 
experiments  in  Yale  Psychological  Laboratory  is  due  to  the  efficient 
advice  of  Dr.  E.  W.  Scripture,  under  whose  supervision  they  have 
been  conducted. 

The  problem  I  have  undertaken  is,  to  determine  the  time  required 
to  change  the  accommodation  of  the  eye  in  either  direction  between 
two  given  points.  As  the  object  was  the  establishment  of  funda- 
mental laws  and  not  the  collection  of  statistical  material,  this  research 
is  limited  to  observations  on  the  right  eye  of  persons  with  a  normal 
eyesight  accommodating  for  })()int8  in  the  direct  line  of  vision  under  '. 
the  most  favorable  circumstances.  The  psychological  method  of" 
differential  reaction-time  has  been  used  because  it  is  apparently 
impossible  to  determine  the  accommodation-time  by  any  direct  phys- 
iological methods. 


»  Sehen.  Wagner's  Handwttrterbuch  d.  Physiol.  1850  III  1.  Abth.  309. 

*  Versvche  iiber  die    Zeitverhdltniase  des  Accommodations virrganges  im  A%ge, 
Arch.  f.  physiol.  Heilkunde,  n.  F.,  1857  I  17. 

*  Die  Accomniodationsgeschwindigkeit  d.  menschlichen  AugeSj  Zt.  f.  rat.  Med., 
in.  Reihe,  1861  XI  800. 

*  The  velocity  of  accommodation^  Jonni.  of  Physiol.  1885  Yl  46. 
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Apparatus. 


The  variables  are  :  (1)  the  distance  of  the  nearer  point,  (2)  the 
distance  of  the  further  point,  (3)  the  direction  of  accommodation, 
i.  e.  whether  the  focus  is  to  be  changed  from  near  to  far  or  vice 
versa. 

The  solution  of  the  problem  required  (1)  an  apparatus  that  holds 
the  nearer  point  in  view  and  suddenly  exposes  a  point  further  off, 
(2)  one  that  holds  the  further  point  in  view  and  suddenly  exposes 
the  nearer  point,  (3)  an  arrangement  to  mark  the  instant  the  second 
point  comes  in  view,  (4)  a  reaction-key,  (6)  an  apparatus  for  record- 
ing the  time. 

In  the  first  experiments  I  used  a  revolving  disc  having  holes  near 
the  edge  through  which  the  further  point  could  be  seen.  The 
nearer  point  was  indicated  by  objects  on  the  disc  at  points  alternat- 
ing with  the  holes.  The  disc  was  arranged  with  weights,  pulleys, 
springs  and  levers  so  that  in  its  revolving  it  could  be  stopped  to 
expose  the  nearer  and  the  further  point  alternately.  The  person 
experimented  upon  was  required  to  look  through  a  tube  extending 
from  the  eye  nearly  to  the  disc.  One  electric  wire  was  connected  ' 
with  an  isolated  copper  brush  which  made  contact  with  the  disc  at 
the*]|K)ment  the  second  point  could  be  seen.  The  brush  was  at  all 
othe)r  points  isolated  from  the  metal  plate  by  a  cardboard  covering. 
The  other  wire  was  connected  with  the  disc  and  went  through  a  ! 
closed-circuit  reaction-key.  Both  wires  were  then  run  to  the  chrono- ' 
graph-room  where  they  completed  the  circuit  through  an  electro- 
magnetic time-marker.  Two  markers  were  used  on  the  drum.  One 
registered  the  vibrations  of  the  tuning-fork  ;  the  other,  running 
parallel  to  it,  indicated  the  make  and  break  of  the  current  from  the 
experiment  room.  To  compare  the  two  lines  of  the  record  perpen- 
diculars were  dropped  from  one  line  to  the  other  at  the  points  of 
make  and  break  of  the  current. 

After  the  first  and  second  sets  of  experiments  I  used  another 
apparatus  which  served  the  purpose  better.  With  that  I  also  used 
a  simpler  and  more  accurate  method  of  recording.  This  latter 
apparatus  consisted  of  a  Laveme  pneumatic  camera-shutter  to  which 
electrical  connections  were  added.  There  were  two  arrangements 
of  the  slide  and  the  electric  connections  :  (1)  to  drop  the  slide  and 
expose  the  nearer  point,  (2)  to  raise  the  slide  and  expose  further 
point.  In  the  first  arrangement  one  end  of  the  electric  wire  was 
connected  with  the  metallic  body  of  the  shutter.  The  other  end 
was  fastened  to  a  binding-post  which  was  connected  (1)  with  a  wire 


$8  ManociUar  cuxammodcUion-time. 

spring  which  made  contact  with  a  projecting  spring-arm  on  the  slide 
at  the  moment  the  further  point  was  cut  off  from  view  and  the 
nearer  point  exposed,  and  (2)  with  a  metal  plate  on  which  the  pro- 
jecting arm  rested  and  made  permanent  contact  when  the  slide  came 
down.  Both  the  contact-point  and  the  metal  plate  were  isolated 
from  the  metallic  body  of  the  shutter.  In  the  second  arrangement 
the  slide  was  made  to  fly  up  and  stop  against  a  special  catch.  When 
the  slide  flew  up  its  projecting  arm  struck  the  special  contact  spring 
at  the  moment  the  nearer  point  was  removed  from  view  and  the 
further  point  was  exposed.  The  special  catch  against  which  the 
slide  Anally  rested  at  the  top,  and  with  which  it  made  permanent 
contact  was  connected  with  the  same  binding  post  as  the  metal  plate 
in  the  other  arrangement.  The  current  went  through  a  closed- 
circuit  reaction-key  by  means  of  which  it  could  be  interrupted. 
The  current  was  made  for  an  instant  when  the  slide  arm  struck 
the  special  contact  spring,  permanently  made  by  the  slide  arm  rest- 
ing on  the  metal  plate  or  the  special  catch,  and  again  interrupted  by 
the  reaction-key.  The  time  required  was  that  indicated  between 
the  first  closing  of  the  current  and  the  breaking  by  the  reaction-key. 
Heavy  wires  led  from  the  shutter  and  the  key  to  the  chronograph- 
room  where  the  circuit  was  completed. 

In  taking  all  except  the  first  two  sets  of  records  I  used  the  spark- 
coil  method  invented  in  this  laboratory.  For  a  full  description  of 
apparatus  and  method  see  the  article  by  Bliss  on  p.  7-10.  I  did  not, 
however,  use  the  multiple-key  described  there  but  led  the  current 
directly  to  the  research -room.  A  100  v.  d.  tuning-fork  was  used  but^' 
the  drum  was  turned  with  such  rapidity  that  the  waves  were  suffi- 
ciently long  to  be  easily  estimated  in  tenths  without  error,  thus 
giving  me  a  direct  record  in  thousandths  of  a  second. 

The  nearer  point  was  represented  by  a  small  capital  o  with  a' 
height  of  0.7"'^'  and  the  further  point  by  a  large  capital  O  with  a  1 
height  of  25""\  except  at  the  point  represented  as  at  infinite  dis- 
tance when  a  larger  object  had  to  be  used.  This  object  was  a 
section  in  the  crown  of  a  distant  chimney.  The  letter  at  the  near 
point  was  on  the  slide.  The  other  letter  was  on  a  card  in  a  movable 
support. 

The  course  of  the  investigation  was  somewhat  in  the  following 
manner.  First,  the  nearer  point  was  kept  constant  at  20^™,  and  the 
further  points  made  respectively  50''\  1"\  2"^,  4">,  s^,  12'",  and  infi- 
nite distance.  A  point  over  100'"  away  was  considered  the  same  as 
a  point  infinitely  distant.     Then  the  further  point  was  kept  constant 
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at  infinite  distance  and  the  nearer  point  was  made  successively,  20^, 
50'=°',  1™,  and  2".  On  these  ten  distances  observations  were  made  in 
accommodating  the  eye  (1)  from  near  to  far  and  (2)  from  far  to 
near.  Both  points  lay  in  the  line  of  direct  vision.  In  this  line  was 
a  tube  extending  from  the  front  of  the  cornea  in  the  eye  of  the 
subject  to  within  a  short  distance  of  the  nearer  object.  The  tubes 
were  adjusted  at  a  sufficient  distance  from  the  slide  to  allow  light  to 
fall  upon  the  nearer  object.  There  was  a  special  tube  for  each  near 
distance.  The  20<="  and  50*""  tubes  had  a  bore  of  2<=".  The  1"  and 
2"  tubes  had  a  bore  of  4'^". 

Person  expebimented  on. 

These  results  aim  to  be  the  records  of  a  typical  case.  I  selected 
a  subject  who  could  well  represent  the  average  and  gave  him  the 
most  favorable  circumstances,  i.  e.  a  comfortable  position,  good  light, 
medium  temperature  and  avoidance  of  anything  that  would  distract 
attention.  The  results  thus  have  uniformity  and  comparative  value 
because  they  are  taken  on  the  same  person  and,  as  nearly  as  possible, 
under  similar  circumstances.  The  subject  was  an  exceptionally  criti- 
cal and  reliable  observer — a  fact  of  considerable  importance  where 
we  have  to  trust  to  his  judgment  and  faithfulness  for  the  attainment 
of  our  results. 

This  series  of  observations  was  made  on  Mr.  August  Nelson,  aged 
29,  a  graduate  student  of  philosophy.  His  eye  is  emmetropic  with 
near-point  15*="*  and  far-point  oo  ;  volitional  ability,  as  exercised  in 
concentrating  attention,  excellent.  Reacting  over  4000  times  to  the 
same  stimulus  he  acquired  considerable  practice.  Practice  may  have 
shortened  his  reaction-time  slightly  in  the  later  experiments,  but  the 
variation  was  not  great  as  he  had  made  nearly  a  thousand  reactions 
before  I  took  the  records  upon  which  this  article  is  based.  Of  other 
subjects  reacting  to  the  same  stimulus,  some  take  a  longer  and 
others  a  shorter  time  than  N.;  his  records  can  be  considered  as 
representative  of  the  average  man. 

Precautions  and  variations. 

Reaction  to  a  visual  stimulus  is  a  very  complex  act.  It  involves 
sensation,  judgment,  determination  and  other  factors.  In  order  to 
make  the  act  as  simple  as  possible  precautions  were  taken  to  avoid 
intricacies  and  to  facilitate  perception.  Thus,  to  avoid  long  and 
irregular  time  for  discrimination  and  decision,  the  plain  letter  O  was 
selected  as  the  object  for  which  to  accommodate.  The  subject  knew 
just  what  to  expect  and  where  to  look  for  it. 
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The  criticism  was  made  during  the  investigation  that  it  took  time 
for  the  second  object  to  "  clear  up."  It  was  "  blurred  "  at  first  and 
"  gradually "  became  clear.  That  is  just  the  point  here  investi- 
gated, viz:  the  time  required  to  change  the  focus  of  the  eye  so  as] 
to  make  a  clear  image.  The  subject  was  instructed  to  use  his  best 
judgment  and  react  when  the  object  became  clear  to  him. 

Much  of  the  mean  variation  in  time  on  any  one  distance  we  may 
ascribe  to  the  fluctuation  of  attention.  Its  effect  upon  reaction-time 
is  to  be  considered  as  established.  In  this  case  I  think  attention  was 
the  great  factor  in  determining  the  fluctuations  around  the  mean 
time  of  "  clearing  up." 

As  a  constant  source  of  error  I  would  mention  the  time  that  it 
took  the  slide  to  move  a  distance  corresponding  to  the  size  of  the 
letter  at  the  nearer  point.  This  time  was  less  than  2^.  Hence  the 
uncertainty  as  to  the  time  when  one  letter  went  out  of  view  and  the 
other  was  exposed  cannot  exceed  ±  I*'. 

Considering  all  the  other  objective  sources  of  error,  such  as  direc- 
tion and  strength  of  light,  jarring  of  the  apparatus  and  disturbances 
in  the  room,  I  would  estimate  that  all  the  variations  due  to  these  do 
not  exceed  ±  5^,  The  total  limit  of  error  was  thus  within  ±  6^. 
No  uncorrected  sources  of  error  could  be  detected.  In  the  earlier 
experiments  where  the  unit  of  measurement  was  .01  sec.  the  latent 
time  of  the  Deprez  time-marker  was  quite  negligible;  in  the  later 
experiments  with  a  unit  of  1^,  the  latent  time  of  the  electric  spark 
was  far  beyond  negligibility,  as  was  proved  by  experiments  described 
in  the  article  referred  to  above. 

Method  of  experimenting. 

The  person  experimented  on  was  seated  erect  with  the  right  eye 
before  the  tube.  The  left  eye  was  closed  but  free  to  move.  The 
reactions  were  made  with  the  second  finger  of  the  right  hand.  The 
instructions  were:  "Look  sharply  at  the  first  O  until  the  second  O  isj 
exposed;  when  you  see  the  second  O  clearly,  react." 

The  time  of  the  operation  indicated  on  the  drum  included  the  j 
time  of  changing  the  condition  of  the  accommodation  plus  the  time ' 
of  reacting  to  a  given  stimulus.     To  get  the  simple  reaction-time  I{ 
proceeded  as  above  except  that  the  subject  was  required  to  focus  for 
the  second  object  only,  or  on  the  place  where  it  was  supposed  to  be, 
and,  without  any  change  of  accommodation  to  react  every  time  he 
saw  the  same  object  again.     To  get  the  accommodation-time,  L  e. 
the  time  of  changing  the  adjustment  of  the  eye  between  two  fooal 


Monocular  accommodation-time. 


61 


points,  I  subtracted  the  simple  reaction-time.     The  records  of  the 
reactions  were  taken  in  sets  of  ten  to  twenty  in  each ;  hence,  under 
similar  circumstances.      The  first  object  was  exposed  about  two 
seconds  before  the  change  and  there  was  an  interval  of  about  ten  j 
seconds  between  each  successive  observation. 

I  added  all  the  records  on  each  distance  in  a  set  and  took  the 
average.  The  tables  give  these  final  averages  with  the  mean  varia- 
tion and  number  of  experiments  corresponding  to  each. 

Results. 

In  the  following  tables  I  use  these  abbreviations:  i\r,  nearer  point; 

F,  further  point;    oo,  practically  infinite  distance;  F >  N,  from 

far  to  near;  N >  F^  from  near  to  far;  n,  number  of  expeiiments 

of  which  the  average  is  taken ;  ^,  accommodation -time  ;  /?,  reaction- 
time  ;  AR,  accommodation-time  plus  reaction-time;  MVy  mean  vari- 
ation. 

TABLE  I. 
(Curve  I)  N ^>  F.  iV^=20«'".     Unit  of  measurement,  .01  sec. 
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The  figures  in  tables  I  and  II  express  hundredths  of  a  second,  the 
last  figure  being  simply  the  decimal  obtained  in  averaging  a  column. 
All  the  other  records  are  in  thousandths  of  a  second.  For  the  sake 
of  comparison  and  uniformity  the  first  two  curves  are  also  marked 
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in  thooBandtbs  of  a  second  but  it  must  be  remembered  that  they  are 
based  upon  the  figures  in  the  first  two  tables. 
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Fig.  20.     Curve  I. 
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This  table  shows  that  when  N  is  "constant,  the  time  of  changing^ 
the  accommodation  of  the  eye  from  N  %o  F  increases  with  the  dis- 


TABLE  n. 
(Curve  II)  N >  F.  F=<x> .    Unit  of  measnrement,  .01  see. 
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tance  of  F  up  to  12"^.  Beyond  12™  the  time  of  monocular  aooom* 
modation  does  not  vary  because  the  rays  are  practically  parallel  for 
all  such  distances.  It  will  be  observed  that  in  proportion  to  the 
distance  of  F  the  greatest  change  in  time  is  when  F  is  near  JVJ  wid 
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that  the  ratio  diminishes  to  infinity  as  the  distance  between  the  two 
points  is  increased. 
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When  F  is  constant  the  time  increases  inversely  with  the  distance 
of  JST  from  the  eye  up  to  2"  or  more.     The  greatest  change  in  time 

TABLE  in. 
(Curve  ni)  F >  N,  i\r=20«^'".     Unit  of  meaaurement,  <t=.001  sec. 
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is  when  JST  is  near  the  eye.  The  law  of  relative  variation  is  the 
same  as  in  table  I,  i.  e.  within  certain  limits  the  accommodation- 
time  varies  with  the  distance  between  iV  and  i^  though  this  varia- 
tion is  not  in  proportion  to  the  distance. 
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Fig.  22.     Curve  III. 
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The  same  general  law  is  brought  out  here  as  in  table  I;  but  in 
this  case  (jP >  iV^  the  time  is  shorter  and  the  mean  variation  is 

TABLE  rv. 
(Cnrve  IV)  F >  N.  F=ao .     Unit  of  measurement,  <t=.001  see. 
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less  than  in  the  other  (N >  jP).     From  a  comparison  of  AJR  aad 

B  in  this  table  it  becomes  evident  that  the  deviation  in  the  OMe 
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of  the  last  figure  is  wholly  due  to  an  exceptionally  long  reaction- 
time. 
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Fig.  23.     Curve  IV. 
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This  is  complementary  to  table  III,  and   corroborates  the  same 
principles  for  the  case  where  the  nearer  point  is  constant. 

TABLE  V. 
(Curve  V)AR  taken  F >  N  and  N >  F  alternately.    iV=20=».     Unit  of 


measurement,  a-. 

=  .001  sec. 
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The  purpose  of  this  set  of  experiments  is  to  adduce  further  proof 
for  the  facts  brought  out  in  tables  I  and  III,  and  to  show  how  the 
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time  is  influenced  by  the  direction  of  accommodation.     This  table  | 
is  a  comparison  of  Alt  taken  in  series  of  20  in  each  direction  alter- 


(Cnrve  VI)  AR  taken  F 


TABLE  VI. 
->  N  and  N >  F  alternately.    F  =<x>.     Unit  of 


measniement,  (t=.001  sec. 
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nately.     It  confonns  to  the  principles  laid  down  in  tables  I  and  III, 
and  also  shows  that  the  difference  between  AR  taken  JF >  IT  mad 
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i\r--r->  jP  varies  with  the  distance  of  I^  up  to  12"  when  N'  is  con- 
stant. 
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Fig.  25.  Curve  VI. 


2in 


When   JF  is   constant,   the   difference  between    the   AR    taken 
-F ^>  y  and  the  AH  taken  iV >  I^y^SkTieB  inversely  with  the 
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distance  of  iV  up  to  2"  or  more.     This  is  complementary  to  table 
Y,  and  confirms  the  same  principles. 
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Curve  V  shows  the  difference  in  time  depending  on  the  direction 
of  accommodation.  This  difference  is  further  proved  and  illustrated 
by  other  data  in  cur\'e  VII,  which  is  a  comparison  of  the  simple 
accommodation-time  as  given  in  tables  and  curves  I  and  III.  In 
the  same  manner  cur\'e  VIII,  complementary  to  cur\'e  VII,  is  a  com- 
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parison  of  cunes  II  and  IV,  and  proves  with  A  the  same  principle 
as  curve  VI  proves  with  Ali. 

Aside  from  the  time  itst^lf  and  minor  conclusions  which  may  be 
drawn  from  these  fiirures,  three  important  principles  have  been  estab- 
lished. 

(1)  Within  certain  limits  the  accommodation-time  varies  with  the 
distance  between  the  points  for  which  the  eye  is  to  be  accommodated. 

(2)  It  takes  longer  to  change  the  accommodation  from  near  to 
far  than  from  far  to  near,  and  this  difference  in  time  varies  directly 
with  the  length  of  the  accommodation-time. 

(3)  For  ecpial  distances  in  the  same  range  the  accommodation-time 
is  greatest  for  points  near  the  eye  and  decreases  with  the  distance  of 
the  points  from  the  eye. 

From  the  second  fact  arises  the  important  question:  what  is  it  in 
the  mechanism  of  the  eye  which  will  account  for  this  difference  in 
time  depending  on  the  direction  of  accommodation  ?    It  may  be  due 
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to  the  difference  in  time  required  for  relaxation  and  contraction  of  '♦ 
the  muscles  controlling  the  lens,  or  to  the  difference  in  range  of 
movement  and  sureness  of  adjustment  in  changing  the  form  of  the 
lens  to  focus  for  points  at  different  distances  from  the  eye.  For  a 
satisfactory  answer  to  that  question  we  must,  however,  look  to 
further  investigation  on  the  physiology  of  accommodation. 


Comparison  with  previous  results. 

Barrett's  apparatus  consisted  of  a  skeleton  compound  microscope, 
supplied  with  electric  connections  by  means  of  which  the  time  was 
recorded  on  a  drum.  The  ex})erimenter  carefully  pointed  out  and 
obviat^nl  many  errors  of  previous  workers,  yet  his  apparatus  neces- 
sarily involved  three  sources  of  error  which  have  been  avoided  by 
the  apparatus  in  the  Yale  laboratory. 

(1)  Instead  of  using  lenses,  as  Barrett  did,  the  eye  was  required 
to  look  directly  upon  the  object  to  be  accommodated  for. 

(2)  His  apparatus  measured  accurately  to  0.1  sec.  only,  while  the 
present  apparatus  measures  with  accuracy  within  ±0.006  sec.  That 
his  apparatus  not  only  contained  some  great  error  but  also  gave  very 
inaccurate  records,  can  be  seen  from  the  frequent  remarks,  "  time  too 
short  too  be  measured." 

(3)  The  greatest  error  is,  perhaps,  due  to  his  method  of  deducing 
the  simple  accommodation -time.  The  present  method  of  observing 
the  reaction-time  (without  any  movement  of  accommodation)  to  the 
same  stimulus,  for  each  distance  and  under  exactly  the  same  circum- 
stances is  the  only  trustworthy  plan.  Barrett  arbitrarily  subtracted 
0.4  sec.  in  all  cases. 

Additional  records  on  six  other  persons,  which  have  not  been 
introduced  into  the  tables  in  order  not  to  disturb  their  value  for  com- 
parison, agree  with  Barrett's  conclusion,  that  accommodation-time 
varies  according  to  different  circumstances,  of  which  the  principal 
are  (1)  age,  (2)  practice,  (3)  individual  characteristics  and  (4)  time 
of  (lav. 

In  regard  to  fatigue,  however,  my  results  are  contrary  to  the  usual 
supposition.  Experiments  of  some  300  accommodations  in  one  con- 
tinuous set  do  not  support  that  theory.  Fatigue  soon  sets  in  and 
niay  become  very  painful,  but  as  long  as  the  eye  can  accommodate 
clearly  it  causes  a  fluctuation  in  time  which  tends  more  to  accel- 
erate than  to  retard  the  velocity  of  accommodation. 
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The  most  surprising  deviation  from  previous  results  and  theories 
is  the  conclusion  drawn  from  my  tables  as  to  the  relation  of  velocity 
in  accommodation  between  near  to  far  and  far  to  near.  YiEBOBixr, 
Aeby  and  Babrbtt  all  agree  that  the  accommodation-time  is  greater 
than  the  relaxation-time,  i.  e.  that  it  takes  longer  to  accommodate 
from  far  to  near  than  from  near  to  far.  This  statement  is  contra- 
dicted by  every  table  and  diagram  given  above. 


ON  THE  RELATION  OF  THE  REACTIONTIME  TO  VARI- 
ATIONS IN  INTENSITY  AND  PITCH 

BY 

MoBBis  D.  Slatteby,  M.D. 

Method  op  expebimentino. 

The  plan  followed  was  to  place  the  person  experimented  on  in  an 
isolated  room  to  which  all  stimuli  were  sent  through  wires  from  a 
distant  room,  and  from  which  other  sets  of  wires  conducted  the  cur- 
rents making  electric  registration  in  still  another  room. 

The  first  requirement  was  thus  a  room  free  from  disturbing  lights 
and  sounds  ;  this  was  met  by  the  construction  of  the  isolated  room. 
The  isolated  room  is  a  small  room  built  inside  of  another  room  ;  four 
springs  of  rubber  and  felt  are  the  only  points  in  which  it  comes  in 
contact  with  the  outer  walls.  The  space  between  the  walls  is  filled 
with  sawdust  as  in  an  ice  box.  The  room  is  thus  proof  against 
sound  and  light,*  and  affords  an  opportunity  of  making  more  accurate 
experiments  on  the  mental  condition  than  yet  attempted.  This  was 
the  final  construction  of  the  room,  adopted  after  numerous  experi- 
ments. As  such  a  room  may  prove  valuable  in  physiological  and 
medical  work  where  freedom  from  disturbing  sights  and  sounds  is 
desired,  it  may  be  well  to  point  out  some  of  the  difficulties  to  be 
overcome  and  erors  to  be  avoided.  The  first  requirement  is  a  wall- 
surface  impervious  to  sound.  Owing  to  the  great  expense  involved, 
such  materials  as  asbestos,  heavy  tough  hair-felt,  lead,  etc.,  could  not 
be  used ;  soft  wood  with  outside  packing  of  sawdust  was  finally 
chosen.  The  next  requirement  is  that  the  sound  waves  from  the 
building  should  not  be  transmitted  to  the  frame  work  of  the  inner 
room,  i.  e.  it  must  not  be  connected  to  the  outer  room.  The  nearest 
approach  to  the  satisfaction  of  this  requirement  was  made  by  sup- 
porting the  inner  room  on  pieces  of  soft  rubber  and  avoiding  all 
other  connection  with  the  walls  of  the  outer  room.  The  sound 
waves  in  the  building  are  thus  almost  hindered  from  passing  to  the 
inner  room.  The  vital  importance  of  these  precautions  can  be  shown 
by  simply  laying  a  pencil  across  from  the  wall  of  the  outer  to  that 
of  the  inner  room  ;  the  various  sounds  are  at  once  carried  across  and 
are  heard  in  the  inner  room  almost  as  loudly  as  if  none  of  the  other 
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precautions  had  been  taken.  The  third  requirement  is  the  means  of 
ventilation  without  sound  conduction.  After  several  trials  a  peculiar 
ventilator  has  been  invented  in  which  the  air  is  made  to  pass  back 
and  forth  through  a  tortuous  passage,  the  walls  and  partitions  in 
which  are  made  of  hair-felt.  Sound  waves  can  pass  through  bent 
tubes  only  by  reflection  from  the  walls  and  refraction  around  the 
angles ;  in  the  ventilator  all  reflection  is  killed  by  the  non-elastic 
felt  and  the  amount  of  sound  transmitted  by  refraction  through  such 
a  tortuous  passage  is  so  small  that  a  person  shouting  into  it  at  one 
end  can  barelv  be  heard  at  the  other. 

The  records  were  made  by  the  graphic  method,  the  usual  chrono- 
scope  method  being  rejected  as  cumbersome  and  inaccurate.  The 
counting  of  the  fork-vibrations  by  the  graphic  method  takes  a  some- 
what longer  time  than  the  reading  of  the  chronoscope  records  but 
in  measurements  of  simple  reaction -time  this  extra  work  is  more 
than  compensated  by  the  saving  on  the  laborious  adjustment  of  the 
chronoscope  and  the  necessary  re-reckoning  of  the  results.  The  new 
method  of  making  graphic  records,  which  was  invented  in  the  labora- 
tory and  used  in  the  later  experiments,  not  only  greatly  increased 
the  accuraev  of  the  records  but  made  the  work  much  less  than  that 
of  taking  chronoscope  records.  The  apparatus  used  for  recording 
was  the  same  as  that  described  by  Bliss  on  pages  10-16. 

In  my  investigations  the  multiple-key  was  connected  with  the 
isolated  room  and  the  apparatus  in  the  following  ways.  The  circuit 
from  the  tuning-fork  through  the  time-marker  was  connected  at  one 
side  to  P  and  at  the  other  to  B,  so  that  when  P  and  B  were  in  con- 
tact they  short-circuited  the  current.  This,  of  course,  stopped  all 
action  of  the  marker  while  the  contact  was  made,  but  as  soon  as  the 
knob  G  was  pressed  the  marker  started.  The  circuit  to  the  other 
marker  was  passed  through  the  lever  I  to  O  and  the  platinum  point, 
and  out  through  Z  and  W,  then  to  the  reaction-room  and  through 
the  reaction-key.  As  soon  as  the  point  of  E  touched  U  the  lever  I 
would  break  its  contact  at  Z  and  immediately  make  it  again  at  W, 
thus  making  a  nick  in  the  line  of  the  second  marker.  As  the  stim- 
ulus circuit  is  closed  at  the  moment  E  touches  U  this  nick  gives  the 
moment  of  the  stimulus.  Since  the  current  is  immediatelv  closed  at 
AV  the  marker  is  ready  to  make  another  nick  as  soon  as  the  person 
reacting  presses  his  key.  The  time-marker  connected  with  the  fork 
was  set  vibrating  as  soon  as  the  knob  G  was  touched,  so  that  the 
curve  was  already  being  drawn  before  the  record  began.  When  the 
spark-coil  is  used  the  primary  circuit  is  run  over  the  same  line  as  the 
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circuit  used  for  the  second  marker  ;  the  secondary  circuit  has  its  poles 
in  the  drum  and  in  the  lever  of  the  marker  connected  with  the  fork. 
Any  movement  at  Z  or  of  the  reactor's  key,  produces  a  spark.  Three 
different  arrangements  had  to  be  adopted  for  the  three  variations  of 
the  stimuli  to  be  used.  These  will  be  described  in  the  appropriate 
sections. 

Experiments  with  different  intensities  of  tone. 

In  all  the  expenments  on  tones  they  were  produced  by  electric 
forks  in  a  distant  room.  The  sound  thus  produced  was  sent  from 
the  primary  circuit  of  a  telephone  transmitter,  whicJi  was  placed 
near  the  fork,  through  wires  to  the  multiple-key.  The  secondary 
circuit  of  the  transmitter  was  connected  directly  with  the  reacting 
telephone  in  isolated  room.  In  investigating  the  relation  to  intensity 
of  tones  a  fork  of  250  complete  vibrations  per  second  was  placed  in 
the  distant  room.  For  producing  variations  in  the  intensity,  a  resis- 
tance-box was  placed  in  the  primary  circuit  of  the  transmitter  ;  by 
this  means  a  resistance  of  100  ohms  could  be  introduced,  giving  a 
weak  tone,  or  50  ohms,  giving  a  medium  tone  or  zero,  giving  a  loud 
tone. 

The  first  person  experimented  on  was  E.  W.  Scripture.  With 
everything  in  readiness  for  the  experiments  the  person  entered  the 
isolated  room,  closed  and  fastened  the  door,  and,  holding  the  reacting 
telephone  close  to  his  ear,  waited  for  the  stimuli  to  which  he  would 
react  by  pressing  on  the  knob  of  the  reacting-key.  Thirty  experi- 
ments were  made  in  series  of  5  to  10  with  each  grade  of  intensity, 
the  order  being  varied  to  eliminate  influences  of  practice  and  fatigue. 
After  each  series  an  intermission  of  at  least  5  minutes  was  given. 
Preceding  the  sending  of  each  stimulus  a  warning  was  sent  to  the 
reactor  to  call  his  attention  to  the  expected  sound. 

After  the  first  evening's  experiment,  the  person  experimented  on 
made  the  following  statement.  "Left  arm  resting,  with  telephone 
in  hand  close  to  ear.  Loudest  sound,  quite  loud.  Reacting  hand 
at  rest  except  index-finger  which  is  held  upon  key-knob.  After 
the  warning,  attention  was  directed  entirely  to  expected  sound. 
Eyes  were  closed  and  while  waiting  for  sound  were  turned  strongly 
toward  the  left.     General  condition  slightly  fatigued." 

The  next  person  experimented  on  was  D.  O'Keefe,  the  experiments 
being  performed  in  the  same  manner  as  the  preceding  ones.  His 
statement  after  the  experiments  was,  "  Left  arm  resting  with  tele- 
phone in  hand  close  to  ear.     Loudest  tone  quite  loud,   the   weak- 
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est  tone  being  just  perceptible.  Reacting  hand  at  rest  except 
middle  finger  which  was  held  upon  key-knob.  After  receiving  the 
warning,  attention  was  turned  entirely  to  expected  sound.  Eyes 
open  and  turned  toward  the  left.  General  condition  good."  Before 
making  the  statement  he  asked,  ''if  there  was  any  trouble  with  the 
apparatus  as  the  tone  changed  in  intensity  at  different  intervals." 
He  was  not  aware  of  the  fact  that  the  intensity  was  to  be  varied. 
The  results  of  the  experiment  are  summed  up  in  table  I. 

TABLE  I. 
Unit  of  measnTement=l<'=  .001  second. 


1 

1  S' 

1 

282 

- 1-  - 

249 

MV 

n 

14 

84 

S" 

287 
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MV 
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S'" 

MV 
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E.  Yf,  S. 

68 

57 

1 

61 

70 

17 
29 

299 
218 

72 

15 

D.  0.  K. 

68 

1 

10 

The  first  column  gives  the  person  experimented  on,  the  second  the 
reaction-time  to  the  strongest  tone,  the  third  the  mean  variations 
from  the  average,  the  fourth  the  number  of  experiments,  the  fifth, 
sixth  and  seventh  give  the  data  for  the  medium  tone,  the  eighth, 
ninth  and  tenth  those  for  the  weakest  tone. 

It  will  be  seen  from  the  results  that  for  the  loudest  sound,  in  the 
case  of  E.  W.  S.,  we  have  a  reaction-time  of  282*^ ;  for  the  medium 
intensity  the  reaction-time  was  287*^,  for  the  tone  of  weak  intensity 
the  reaction-time  was  299*^.  The  absolute  differences  for  different 
intensities  were  small  and  were  much  less  than  the  amount  of  the 
mean  variation.  We  can  therefore  conclude  that  they  are  practically 
equal  and  that  within  the  limits  of  intensity  used  in  these  experiments 
the  reaction-time  does  not  vary  with  the  intensity  to  any  degree  that 
can  be  detected. 

In  the  experiments  on  D.  O.  K.  it  will  be  seen  that  the  differences 
in  the  reaction-time  are  reversed  but  are  also  small ;  with  sound  of 
greatest  intensity  the  reaction-time  was  249*^,  with  the  sound  of 
medium  intensitv  the  reaction-time  was  212*^,  with  sound  of  weak 
intensity  it  was  218*^.  From  these  results  the  same  conclusion  is  to 
be  drawn  as  from  the  previons  ones. 

Similar  experiments  had  been  previously  begun  in  March,  1892,  by 
Dr.  Scripture  at  Clark  University  on  F.  B.  Dresslar,  but  were  not 
carried  to  completion.     The  sound  was  produced  by  a  secondary  coil 
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connected  with  a  telephone  and  placed  over  a  primary  coil  through 
which  passed  a  current  interrupted  by  the  vibrations  of  a  250  tuning- 
fork.  The  angle  which  the  axes  of  the  two  coils  made  with  each 
other  regulated  the  intensity  of  the  sound,  which  was  in  all  cases 
weak.  Five  steps  with  coils  at  angles  of  110°,  125°,  140°  and  155® 
were  taken.  The  records  of  March  22  were  handed  to  me  by  Dr. 
Scripture  to  be  used,  if  I  saw  fit,  in  comparison  with  my  experi- 
ments.    Thev  were  counted  and  the  results  will  be  found  in  table  II. 

TABLE  II. 
Unit  of  measurement =1^=  .001  second. 
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The  columns  refer  to  the  same  subjects  as  in  the  previous  table, 
but  four  grades  of  intensity  were  used.  The  strongest  sound  is 
placed  first.  The  reactor,  Mr.  Dresslar,  said  in  a  note  at  the  end  of 
the  experiments,  "  that  he  perceived  no  difference  in  the  intensity  of 
the  various  sounds,  i.  e.  to  his  consciousness  the  different  sounds 
appeared  to  him  to  be  of  equal  intensity."  While  actually  there 
was  a  difference  in  the  intensity  of  the  tone,  it  must  have  been  very 
slight.  A  comparison  of  the  reaction-times  of  the  four  steps  taken 
shows  such  a  slight  difference  that  the  only  conclusion  to  be  drawn 
'from  the  experiments  is  the  same  as  in  the  previous  case. 

That  other  observers  have  obtained  very  long  react  ion -times  for 
very  weak  noises  might  be  explained  by  the  fact  that  when  the 
warning  signal  is  used  shortly  before  the  stimulus  is  to  be  produced 
there  is  a  natural  tendency  to  revive  an  image  of  the  sound  in  the 
mind.  In  the  case  of  loud  sounds  the  image  would  give  rise  to  no 
confusion,  but  in  the  case  of  very  weak  sounds  the  observer  might 
well  be  in  doubt  as  to  whether  a  sound  apparently  heard  was  such  a 
memory  or  was  actually  produced  by  a  stimulus.  Some  experiments 
on  the  border  line  between  sensation  and  hallucination  indicate  such 
an  explanation. 

In  the  table  of  results  obtained  from  experiments  performed  by 
WuNDT,'  from  which  he  concludes  that  the  reaction-time  decreases 
constantly  with  an  increase  in  intensity  of  the  stimulus,  it  will  be 
seen  that  his  figures  do  not  bear  out  the  statement.  In  his  experi- 
ments the   sound   was   produced  by  a  ball   falling   from   different 
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heights  ;  as  the  height  increased,  the  noise  became  louder.  His 
figures  for  successively  louder  sounds  are  217^  146*^,  132*^,  135*^,  161*', 
176^,  159^,  94^.  It  is  at  once  apparent  that  with  the  exception  of 
the  weakest  sounds,  the  results  are  in  direct  contradiction  to  the 
statement.  It  is  but  fair  to  add  that  these  results  are  omitted  from 
the  later  editions  of  the  Physiologische  Psychologie, 

The  experiments  of  Marti  rs'  on  tones  and  noises  gave  negative 
results,  i.  e.,  the  reaction-times  of  the  various  experiments  were 
nearly  equal  or  showed  slight  and  inconstant  relations  to  each 
other.  He  drew  the  following  conclusions  :  "  There  is  no  constant 
decrease  in  the  reaction-time  with  an  increase  in  the  strength  of  the 
stimulus.  Differences  in  the  times  occur  only  when  very  great  dif- 
ferences in  the  strength  of  the  stimuli  exist,  as  for  instance  between 
a  very  weak  and  a  very  loud  sound.  The  lengthening  of  the  time 
with  very  weak  stimuli  can  be  accounted  for  by  difficulty  of  percep- 
tion." 

My  experiments  on  tones  lead  to  these  conclusions  : 

First — The  law  that  the  reaction-time  decreases  with  increasing  in- 
tensity of  stimulus  does  not  hold  good  for  the  sense  of  hearing, 
i.  e.  the  reaction-tmie  to  tones  is  nearly  the  same  for  all  moderate 
intensities. 

Second — The  longer  time  registered  for  very  weak  tones  or  noises 
by  some  observers  is  probably  not  due  to  any  conscious  change,  but 
IS  caused  by  hesitation  as  to  the  actual  hearing  of  the  stimulus. 

Experiments  with  tones  of  different  pitch. 

In  using  tones  of  different  pitch  the  arrangement  was  nearly  the 
same  as  in  the  previous  case.  Three  forks  were  all  kept  ready  so 
that  in  the  few  minutes  of  rest  between  the  sets  of  experiments  a 
change  could  be  made  from  one  to  the  other.  The  resistance  was 
kept  in  the  circuit  and  b\'  preliminary  trials  the  amount  of  resistance 
to  be  used  for  each  tone  was  determined,  so  that  all  the  tones  seemed 
to  be  of  the  same  intensity.  This  was  quite  necessary  as  it  is  impos- 
sible to  adjust  an  electric  fork  so  as  to  give  the  same  intensity  on 
different  occasions.  Similar  precautions  as  to  practice,  fatigue,  etc., 
were  taken  as  in  the  previous  case.  The  reactor  seated  in  the  isolated 
room  heard  the  tones  through  the  reacting  telephone  as  before.  The 
pitch  of  the  tones  was  changed   ])y  changing  the  forks.     Since  the 
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tones  were  adjusted  so  as  to  be  of  the  same  apparent  intensity  it 
would  naturally  be  expected  from  the  experiments  of  the  preceding 
section  that  the  reaction-times  would  be  the  same.  The  actual 
results  are  given  in  the  following  table  : 

TABLE  m. 
Unit  of  mea8TiTem6nt=l<^=  .001  second. 


p-  1 
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P" 
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28 

60 

1     168  1 

1 

20    ' 
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P',  P"  and  F"  denote  the  tones  100,  250  and  500  respectively.  It 
is  at  once  seen  that  the  reaction-time  decreases  with  the  rise  in  pitch, 
a  result  which  agrees  with  that  of  Martius.  The  natural  inclination 
is  to  explain  this  difference  in  the  reaction-times  by  the  supposition 
that  10  to  15  vibrations  are  required  before  the  tone  is  perceived. 
If  this  supposition  be  true  we  should  obtain  the  same  reaction  for  all 
the  tones  by  deducting  the  perception -time  of  each  from  its  reaction- 
time.  Suppose  we  take  ten  vibrations  as  representing  the  inertia  of 
the  sense  organ  ;  this  would  give  us  the  perception-times,  100^,  40*^ 
and  20^  for  the  three  tones  100,  250  and  500  respectively.  Subtract- 
ing these  perception -times  from  the  total  reaction -times  given  in  the 
table,  240^,  179*^  and  163^,  we  get  the  remainders  140^,  139^  and  143^, 
These  remainders  fall  within  the  limits  of  variation  and  are  to  be 
regarded  as  the  same.  My  results  are  thus  in  harmony  with  the 
supposition  mentioned.  Martius  obtained  results  which  agree  with 
mine  in  the  fact  that  the  reaction-time  decreases  with  a  rise  in  pitch, 
but  this  decrease  could  in  no  way  be  brought  mto  harmony  with  the 
supposition  that  a  constant  number  of  vibrations  was  used  up  in  the 
latent  time. 

The  conclusions  to  which  my  experiments  lead  are  as  follows  : 

First — The  reaction-time  to  tones  decreases  as  the  pitch  rises. 

Second — The  view  held  bv  Exner,  von  Kries  and  Auerbach  and 
rejected  by  Martius, — namely,  that  about  10  vibrations  are  neces- 
sary to  the  perception  of  a  tone,  no  matter  what  its  pitch, — is  suffi- 
cient to  explain  the  differences  in  the  reaction -times  for  different 
tones. 

Experiments  with  electrical  stimuli  of  different  intensities. 

In  using  electric  stimuli  the  current  of  the  primary  circuit  after 
passing  through  the  inner  coil  was  sent  through  one  of  the  prongs 
of  a  fork,  kept  vibrating  electrically,  by  which  it  was  interrupted  at 
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each  vibration.  From  the  fork  it  was  sent  through  a  rheochord  com- 
posed of  seven  lengths  of  wire.  Hence  it  passed  to  binding  posts  2 
of  the  multiple-key  mentioned  above.  The  other  pole  of  the  battery 
was  connected  to  binding  post  3.  When  the  key  is  pressed,  the 
circuit  is  completed.  The  secondary  coil  was  connect^  with  two 
electrodes  in  the  reaction -room.  One  electrode  was  of  zinc  covered 
with  cloth,  the  other  of  sponge  ;  both  were  moistened  with  a  solu- 
tion of  common  salt.  The  other  arrangements  were  the  same  as  in 
the  previous  cases.  In  these  experiments  the  spark-coil  was  used 
and  the  same  precautions  as  observed  in  former  experiments  were 
adopted. 

As  soon  as  the  multiple-key  is  pressed  the  current  passes  through 
the  primary  circuit,  being  all  the  time  interrupted  100  times  per 
second  by  the  electric  fork.  This  causes  a  current  to  pass  through 
the  secondary  circuit  and  the  person  in  the  isolated  room  receives 
100  shocks  per  second.  As  soon  as  he  perceives  the  shocks  he  is  to 
react  in  the  usual  way.  The  time  is  measured  between  the  moment 
of  closing  the  primary  circuit  and  that  of  reacting.  The  intensity 
of  the  stimulus  can  be  regulated  either  by  moving  the  secondary  coil 
nearer  to  or  further  from  the  primary  or  by  weakening  the  primary 
current.  The  former  method  was  not  suited  to  the  single  experi- 
ments but  was  used  to  regulate  the  shock  permanently  to  any  desired 
intensity.  Then  the  different  intensities  were  produced  by  adjust- 
ment of  the  amount  of  wire  introduced  on  the  resistance-board. 

During  the  experiments  six  steps  of  different  intensity  were  taken. 
The  greatest  intensity  was  obtained  by  shoving  the  secondary  coil 
sufficiently  near  to  the  primary  coil  until  a  shock  was  produced 
which  was  not  strong  enough  to  startle  the  reactor  and  thereby  inter- 
fere with  the  reaction-time.  When  a  variation  in  the  intensity  of 
the  stimulus  was  desired,  the  clamp  was  transferred  to  another  wire 
on  the  resistance-board,  causing  an  increase  of  resistance  of  two 
feet  of  the  wire  with  each  step.  When  the  clamp  was  on  wire  No. 
6,  a  resistance  of  12  feet  of  fine  German  silver  wire  was  thus  inserted 
and  a  very  weak  shock  was  produced. 

The  experiments  were  performed  in  the  same  manner  as  the  pre- 
ceding ones.  A  warning  was  given  previous  to  each  stimulus.  The 
reactions  w^ere  repeated  at  intervals  of  15  seconds,  until  a  record  of 
30  reactions  was  taken,  after  which  a  rest  of  five  minutes  was  given 
to  the  reactor.     The  person  experimented  on  was  E.  W.  Scripture. 

The  results  are  seen  in  table  IV. 
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S*  is  the  shock  of  greatest  intensity  ;  S^^  S"',  S'%  S%  S^'*  represent 
shocks  of  lesser  intensity,  S""*  being  the  weakest ;  otherwise  the 
abbreviations  are  the  same  as  used  in  previous  tables. 

It  will  be  seen  that  there  is  a  slight  but  constant  decrease  in  the 
reaction-time  with  an  increase  in  the  intensity  of  the  stimulus* 
These  results  coincide  with  those  obtained  by  other  observers. 

The  conclusion  to  be  drawn  seems  evident,  namely,  that  in  the 
domain  of  tactile  stimulation  by  electricity  the  reaction -time  de- 
creases with  the  increase  in  the  intensity  of  the  stimulus. 


EXPERIMENTS  ON  THE    MUSICAL  SENSITIVENESS    OF 

SCHOOL  CHILDREN 

BY 

J.  A.  Gilbert. 

Bodily  measurements  of  children  have  been  repeatedly  made;  their 
laws  of  bodily  growth  have  been  empirically  determined;  most  im- 
portant deductions  for  the  equipment  and  management  of  schools 
have  been  made  from  them.  The  senses  and  intellect  of  school 
children  have  received  less  attention;  most  of  the  work  has  been 
confined  to  investigating  the  sharpness  of  vision,  the  acuteness  of 
hearing  (deafness)  and  the  memory  powers.  The  musical  sensitive- 
ness has  never,  I  believe,  been  tested. 

By  musical  sensitiveness  is  meant  the  least  noticeable  difference  in 
the  pitch  of  a  tone.  Those  who  can  detect  a  small  difference  in 
jjitch  between  two  successive  tones  are  more  sensitive  than  those 
who  can  detect  only  larger  differences. 

Apparatus  and  methods. 

• 

Since  the  object  of  the  present  investigation  was  not  to  determine 
the  least  perceptible  difference  in  relation  to  tones  of  various  pitches 
but  was  to  compare  children  with  one  another,  a  single  tone  was 
used  throughout  the  experiments,  namely,  the  tone  a=435  of  inter- 
national pitch.  The  method  was  that  of  minimum  gradation.  Each 
experiment  was  composed  of  two  tones  and  a  judgment  as  to  their 
likeness.  The  tone  a  was  first  sounded,  then  a  tone  -^  of  a  tone 
higher;  the  child  answered  "same"  or  "different;"  a  was  again 
sounded,  then  a  tone  ^^^  higher;  and  so  on,  the  second  tone  being 
raised  ^  each  time,  until  the  child  had  several  times  declared  the 
tones  to  be  different.  Thereupon  the  second  tone  was  started  at  the 
same  pitch  as  the  first  and  in  like  manner  successively  lowered.  The 
number  of  thirty-seconds  of  difference  that  were  just  perceived  was 
noted  in  the  two  cases;  the  average  gave  the  result  for  a  single 
experiment.     Ten  experiments  were  made  on  each  child.     The  Qhild 
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was  left  entirely  ignorant  of  the  method  of  performing  the  experi- 
ment, 80  as  to  avoid  suggestion  of  any  kind. 

The  instrument  used  in  making  the  experiments  was  composed  of 
an  adjustable  pitehpipe  with  an  index-arm  moving  over  a  large  scale. 


Fig.  28. 

The  instrument,  which  may  for  brevity  be  called  the  tone-tester,  is 
shown  in  figure  28.  The  fan-shaped  plate  A  is  supported  by  a  handle 
beneath  it.  The  pipe  B,  fastened  to  A,  contains  a  vibrating  reed 
whose  length  is  regulated  by  a  tightly  sliding  clamp,  the  projecting 
rod  of  which  is  shown  at  C.  lliis  clamp  is  moved  by  a  lever  whose 
long  arm  D,  with  the  handle  E,  extends  out  over  the  plate.  It  is 
readily  seen  that,  for  each  different  position  of  the  point  of  the  long 
arm,  the  vibrating  reed  will  have  a  different  length  and  the  tone 
produced  will  be  different  in  j)itch.  It  is  also  evident  that  a  small 
difference  in  pitch  corresponds  to  a  large  movement  of  the  point  of 
the  long  arm. 

The  points  on  the  index  for  each  tone  and  half-tone  were  deter- 
mined by  direct  comparison  with  a  carefully  tuned  piano  of  a  piano- 
dealer.  These  larger  divisions  were  then  divided  proportionately 
into  sixteenths.  As  the  large  divisions  were  into  half-tones,  these 
divisions  corresponded  to  thirty-seconds  of  a  tone. 
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The  accuracy  of  the  results  depended  on  the  accuracy  of  the 
instrument  and  the  accuracy  of  the  method.  Tlie  possible  errors  of 
the  instrument  were  as  follows  :  error  of  tuning,  error  of  gradua- 
tion, and  two  errors  of  change  in  pitch. 

The  readings  of  the  instrument  must  be  accurate  to  1  unit  of  the 
scale  (^^  of  a  tone).  The  largest  allowable  error  in  the  instrument 
is  thus  ^  a  unit  of  the  scale. 

As  the  tuning  was  performe<l  by  observing  the  freedom  from  beats, 
the  error  from  this  source  could  not  be  above  a  tenth  of  a  beat  jK»r 
second.  The  half-tone  a  to  onf  corresponds  to  nearly  26  vibrations 
j)er  second  ;  half  a  space  of  the  scale  would  indicatt^  about  f  of  a 
vibration.     The  error  is  thus  less  than  J  of  a  space. 

The  intennediate  graduation  was  done  by  eye,  and  was  unques- 
tionably accurate  within  i^  of  a  space. 

The  first  error  of  change  in  pitch  is  the  error  that  might  be  intro- 
duced by  back-lash  in  the  joint  between  the  levers.  To  avoid  this 
the  lever  was  always  started  beyond  //  and  moved  up  to  it  in  the 
direction  in  each  experiment.  With  this  precaution  the  error  is  same 
practically  zero. 

The  change  of  pitch  due  to  changing  intensity  of  the  blast  was 
mainly  eliminated  by  practice  in  blowing  the  pipe.  The  residual 
could  not  be  determined,  but  it  was  probably  negligible  in  compari- 
son with  the  others. 

All  the  residuals  are  much  less  than  the  required  amount.  Their 
sum  was  unquestionably  within  the  limit  st»t,  and  the  requirements 
of  precision  in  the  instrument  can  be  said  to  have  been  satisfied. 

The  sources  of  variation  due  to  ment^il  influences  were  as  follows : 
influence  of  the  judgment  of  pitch  by  changes  in  intensity,  influence 
of  suggestion. 

Judgments  of  pitch  are  generally  made  quite  without  regard  to 
intensity.  Measurements  of  the  influence  of  changes  of  intensity 
on  the  judgments  of  pitch  have  never  been  made  ;  but  as  great  care 
was  taken  in  blowing  the  apparatus  and  as  the  adult  experimenter 
could  regulate  the  sound  with  an  ear  so  much  finer  than  that  of  the 
children,  the  variation  was  probably  negligible.  Otherwise  it  enters 
as  one  of  the  factors  into  th(»  mean  variation  given  in  the  table. 

All  chances  of  suggestion  had  to  be  avoided.  Children  are  in- 
clined to  follow,  almost  unconsciously,  the  slightest  indication  in 
making  their  decisions.  Those  of  the  ages  nine  and  upwards  were 
dealt  with  in  groups,  each  making  u])on  a  paper  an  equality-sign 
when  the  two  tones  seemed  the  same  to  him  and  a  cross  when  tbey 
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seemed  different.  Children  of  six,  seven  and  eight  years  of  age  had 
to  be  dealt  with  individually  for  fear  that  they  would  be  influenced 
by  their  companions  and  would  not  be  reliable  in  their  marking.  All 
results  were  very  satisfactory  with  the  exception  perhaps  of  three 
children  aged  six  whose  data  were  somewhat  uncertain  on  account  of 
lack  of  attention,  independence  and  decision,  or  perhaps  from  the 
excitement,  fear  and  novelty  of  the  undertaking.  These  influences 
of  suggestion  and  distraction  are  probably  the  main  factors  in  the 
mean  variations. 

Experiments. 

Five  boys  and  five  girls  of  each  age  except  18  and  19  were  experi- 
mented upon.  For  the  ages  18  and  19  it  was  possible  to  obtain  only 
girls.  In  computing  the  results  the  average  of  all  the  experiments 
for  a  given  age  was  first  obtained.  The  mean  variation  from  this 
result  was  noted.  Then  the  children  of  that  age  were  considered 
separately,  the  mean  variation  from  the  result  for  each  child  being 
compute<l.  Finally  the  average  of  those  mean  variations  was  taken. 
This  can  be  illustrated  as  follows.     Let 

^^»  ^^» «.o 


be  the  results  for  ten  children  of  a  given  age.     The  total  average 

will  be  («,  +  «,  + +  «,oH-^H-^,  + +  ^„  + +y,H-J, +.;\J 

-f-100;  this  is  the  result  given  in  column  D  of  the  table,  the  first 
decimal  place  of  the  average  being  retained.  The  mean  variation 
of  the  separate  meaHurements  obtained  in  the  usual  way  is  given  in 
the  column  headed  MV.  This  mean  variation  can  be  used  as  an 
index  of  the  accuracy  of  the  result.  The  results  for  each  child  were 
obtained  by  taking  the  averages   («, -h  </,  -I-  .  .  .  +<'»,)  -r-  10  =  <f, 

(^-h/>,+  .  .  .  +^,)-M0  =  ^ (.A  +  i,+  .  .  .  +iJ-M«=./. 

The  average  of  these  averages  is,  of  course,  the  same  as  the  total 
average.  The  mean  variations  for  a,  b,  ,  .  .  ,,  j  are  then  calculated ; 
these  mean  variations  will  indicate  how  much  the  child's  judgments 
fluctuated  owing  to  the  conditions  of  attention,  suggestion,  etc.  To 
get  at  the  average  effect  for  the  given  age  the  average  of  these 
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mean  variations  was  taken;  this  is  given  in  the  table  in  the  colui 
MV.  The  last  column  in  the  table  gives  the  number  of  expe 
ments  for  each  age. 


TABLE. 


I 


I 


Age 

1 

D 

MV 

1.38 

MV 
1.76 

n 

6 

12.3 

100 

7 

9.1 

.89 

3.60 

100 

8 

6.8 

.90 

1.29 

100 

9 
10 

4.8 

1.09 
.68 

1.14 

.77 

100 
100 

6.2 

11 

4.8 

1.09 

.89 

100 

12 

4.1 

.99 

.45 

100 

13 

3.7 

1.26 

.46 

100 

14 

8.5 

.97 

.94 

100 

15 

5. 

1.08 

1.11 

90 

16 

4. 

1 

i 

.91 

.68 

50 

18 

- 

2.6 
2.4 

.74 

.84 

.93 

60 

,62 

140 

D,  leaat  perceptible  difference  in  32°*'»  of  a  tone. 
MV,  mean  variation  for  total  result. 
MV,  average  of  mean  variations  for  separate  children. 
n,  number  of  experiments. 

The  relation  of  the  size  of  the  least  perceptible  difference  to  t 
age  is  shown  in  the  accompanying  curve,  fig.  29,  in  which  the  figui 
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drizontal  axis  indicate  the  ages,  those  on  the  vertical  axis 
perceptible  differences. 


8  9  10  11  12  IS  14  15  16  17  18  19 

Fig.  29. 

Conclusions. 

e  primary  aim  in  taking  up  this  problem  was  to  discover  if 
re  any  who  could  not  distinguish  to  a  half-tone,  and  if  so, 
nine  the  proportion  to  the  total  number.  The  question  was 
ical  importance.  Any  such  children  could  not,  of  course, 
the  same  instruction  in  music  ;  if  the  proportion  below  a 
ige  were  large,  musical  intelligence  could  not  be  expected  in 
er  ages. 

esults  show  that  the  children  are  fully  capable  of  the  task 
[  of  them.  The  least  sensitiveness  occurs  with  children  of 
\  where  the  average  least  perceptible  difference  is  12  thirty- 
or  f  of  a  tone.  Of  all  the  children  examined  there  were 
ee  individuals  whose  average  exceeded  half  a  tone. 
7 
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2.  It  is  at  once  seen  tbat  the  least  perceptible  difference  decreases 
with  increasing  age,  i.  e.  the  sensitiveness  increases.  The  sensitive- 
ness increases  at  first  rapidly,  but  finally  becomes  almost  stationary. 

It  is  a  pedagogical  principle  that  the  child  develops  more  rapidly 
during  the  first  ten  years  of  its  life  than  at  any  other  time.  Tone 
discrimination  offers  no  exception  to  the  rule  ;  in  the  three  years 
from  6  to  9  the  child  gains  in  discriminative  sensibility  more  than 
twice  as  much  as  in  the  whole  of  the  ten  years  thereafter  up  to  the 
age  of  19.  Tlie  contrast  increases  as  the  number  of  years  taken 
into  consideration  is  greater,  for  the  child  gains  more  in  the  three 
years  from  6  to  9  than  it  can  possibly  gain  during  the  rest  of  its 
life-time. 

3.  Judging  from  the  way  in  which  mind  and  body  develop  under 
education  it  would  naturally  be  inferred  that  the  discriminative 
ability  of  the  child  would  increase  regularly  with  advance  in  age. 
At  the  ages  ten  and  fifteen,  however,  occur  very  abrupt  changes. 
In  order  to  verify  the  data  for  those  points  I  repeated  the  trials  on 
the  years  nine,  ten  and  fifteen  with  increased  numbers  in  each  age 
but  the  second  average  result  varied  only  0.3  of  a  thirty-second  from 
the  first  average,  showing  that  the  curve  was  true  to  the  facts  so  far 
as  could  be  detected. 

A  similar  change  in  the  curve  apparently  occurred  at  the  age  of 
twenty,  but  as  I  only  had  three  subjects  of  that  age  I  did  not  feel 
justified  in  adding  the  result  to  the  table,  yet  this  seemingly  similar 
jump  at  twenty — a  leap  in  the  curv^e  from  2.4  up  again  to  3.2 — adds 
credence  to  the  supposition  that  there  is  some  periodic  change  caus- 
ing it.  After  twenty  years  the  curve  seems  to  drop  again  as  it  did 
after  10  and  15,  but  here  also  the  number  of  persons  was  insufficient 
to  justify  establishing  a  point  on  the  curve. 

It  will  be  noticed  that  the  sudden  changes  divide  the  curve  into 
imiform  i)ortions  from  6  to  9,  from  10  to  14  and  from  15  to  19. 

An  explanation  for  this  loss  of  sensitiveness  at  certain  ages  seems 
difficult. 

The  change  at  fifteen  is  more  easily  explained,  perhaps,  than  the 
one  at  ten,  as  that  is  the  age  at  which  puberty  shows  its  effects  on 
the  system.  Although  these  infhiences  cannot  be  placed  at  one 
certain  year,  the  average  lies  at  14  years  and  five  months.* 

Possibly  the  second  teething  which  occurs  at  9  to  12  years  of  age 
may  have  such  an  influence  on  mental  life  as  to  cause  a  loss  of  sensi- 
tiveness. 


» Eighth  Animal  Rept.  Mass.  State  Board  of  Health,  1877,  p.  284,  Table  No.  16. 
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Similar  decreases  in  ability  are  to  be  seen  in  the  results  obtained 
by  Bryan."  There  is  a  marked  difference  between  the  data  of  the 
two  periods  9-10  and  14-15  from  the  data  of  the  other  ages.  Also 
in  the  charts  at  the  close  of  his  article  there  is  an  almost  inyariable 
change  in  his  curves  at  the  ages  10  and  14,  showing  that  his  subjects 
labored  under  some  set-back  or  disadvantage  at  those  ages. 

•  Bryan,  On  voluntary  motor  ability,  Am.  Jour.  Psych.  1892  V  160,  Table  VII. 


A   NEW  REACTIONKEY   AND   THE  TIME  OF   VOLUN- 
TARY MOVEMENT 


BY 


E.  W.  Scripture  and  John  M.  Moore. 

In  an  article  on  the  skin-sense*  Dessoir  describes  an  arrangement 
for  use  in  place  of  the  ordinary  telegraph-key  in  investigating  reac- 
tion-times. In  addition  to  the  gain  in  convenience  he  claims  that  the 
varying  results  obtained  for  sensory  and  muscular  reactions  are  due 
to  the  effect  of  the  construction  and  manner  of  use  of  the  ordinary 
key  on  the  time  of  executing  voluntary  movements. 

At  the  request  of  Prof.  Titchener  of  Cornell  University  a  rough 
copy  of  Dessoir's  arrangement  was  made  in  our  laboratory  work- 
shop. It  became  evident  that  this  arrangement  possessed  only  one 
good  quality,  that  of  portability  ;  with  it  the  arm  and  hand  did  not 
need  to  be  upon  a  table  as  with  the  telegraph-key  but  could  be 
placed  in  any  comfortable  position.  With  this  exception  all  the 
disadvantages  of  the  telegraph-key  were  retained  and  some  further 
ones  added. 

The  advantage  of  portability  is  so  great  that  the  problem  of  the 
invention  of  a  key  that  could  be  used  in  any  position  was  under- 
taken. At  the  same  time  certain  faults  of  the  telegraph-key  were  to 
be  avoided.  There  was  to  be  no  spring  ;  the  key  was  to  act  on  the 
make  or  the  break  or  on  both  ;  each  contact  was  to  be  applicable  to 
either  a  flexion  or  an  extension  movement. 

The  problem  was  solved  with  success.  The  final  form  in  which 
the  key  was  made,  is  shown  in  fig.  30. 

Two  hard-rubber  slides  run  on  steel  guides.  The  upper  slide  has 
a  hole  to  fit  the  end  of  the  finger.  The  other  has  an  inclined  hole 
for  the  thumb,  for  use  when  the  key  is  held  by  the  thumb  and  finger 
alone.  When  the  key  is  rested  on  anything  or  is  held  by  the  other 
hand,  the  thumb  may  be  placed  against  the  projecting  arm  ;  this 
arrangement  gives  a  somewhat  easier  action,  as  the  finger  moves 
more  naturally  in  a  plane  inclined  to  that  passing  through  thumb 
and  finger. 

*  Dessoir,  Veber  den  Hautsinn,  Dn  Bois-Reymond's  Arch.  f.  Physiol.  1802  800. 
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The  binding-post  shown  at  the  top  carries  a  platinum  contact ; 
that  on  the  upper  slide  is  connected  with  a  contact  at  each  side  of 
the  slide  ;  that  on  the  lower  slide  is  connected  with  a  contact  point- 
ing upward.  The  lower  slide  is  fastened  at  any  point  by  a  clamp 
whose  screw  is  seen  to  the  left  in  the  figure.  This  determines  the 
range  of  movement  of  the  upper  slide. 

The  upper  slide  can  make  contact  at  either  extreme  of  its  move- 
ment. One  wire  is  always  carried  to  the  binding-post  on  the  mov- 
able slide.  To  have  a  break -circuit  record  with  a  flexion  movement, 
the  other  wire  is  carried  to  the  top  binding-post ;  the  thumb  and 


Fig.  30. 

finger  are  held  apart  at  any  desired  distance  ;  at  the  least  movement 
of  the  finger  the  current  is  broken.  For  a  break-circuit  record  with 
extensor  movement  the  other  wire  is  carried  to  the  post  in  the  fixed 
slide  ;  the  finger  is  bent  till  the  slides  touch.  For  make-circuit 
records  the  lower  contact  is  used  with  the  extended  finger,  the  upper 
with  the  bent  finger.  As  the  excursion  can  be  made  very  small  by 
adjustment  of  the  lower  slide,  the  lost  time  for  make-records  can 
be  reduced  to  a  minimum. 

No  spring  for  holding  the  contacts  is  needed.  The  movable  slide 
is  brought  into  position  by  the  finger  and  will  retain  its  contact 
without  pressure  until  disturbed. 

While  using  this  key  in  an  exercise  on  the  rapidity  of  tapj)ing 
movements  of  the  finger  we  found  that  we  had  the  means  at  hand 
of  making  new  investigations  on  the  time  and  extent  of  voluntary 
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movement.  All  previous  work  in  recording  taps  had  been  done 
with  an  ordinary  telegrapli-key  by  which  only  the  moment  of  the 
extremity  of  the  downward  movement  was  recorded.  By  simply 
connecting  the  binding-posts  of  the  cross-piece  and  the  fixed  slide  to 
one  end  of  the  circuit  and  the  post  of  the  movable  slide  to  the  other, 
a  record  was  made  of  the  downward  extreme,  the  upward  extreme 
and  the  period  of  rest  at  each  extreme.  Moreover,  the  adjustment 
of  the  fixed  slide  gave  any  desired  extent  for  the  movement. 

The  method  of  recording  was  that  described  by  Bliss  on  pages 
7-10.  The  key  was  placed  in  the  primary  circuit  of  the  spark-coil 
and  the  secondary  circuit  was  sent  through  the  drum  and  fork.  A 
500  fork  was  used,  each  half -wave  indicating  1^.  A  spark-record 
was  made  of  the  kind  shown  in  fig.  6.  Records  were  counted  in 
thousandths,  no  account  being  taken  of  fractions  of  a  half -wave. 

The  subject  of  experiment,  J.  M.  Moore,  was  placed  in  the  isolated 
room  described  on  pages  2  and  71.  The  arm  rested  easily  on  a  table 
of  convenient  height.  A  rod  clamped  to  the  table  acted  as  a  sup- 
port for  the  hand.  The  rod  was  grasped  by  the  fourth  and  fifth 
fingers,  whereby  the  motion  of  other  muscles  than  those  of  the  fore 
finger  and  thumb  was  in  the  main  prevented.  Three  distances  were 
chosen  through  which  the  slide  was  to  move,  namely,  6"*"*,  10™"  and 
20'"".  Two  series  of  experiments  were  made  on  each  distance. 
The  results  were  combined  into  the  accompanying  table. 


TABLE. 


Distance 

E 

MV 

F 

1 

MV 

C 

MV 

n 

^inm 

83 
40 

4 

48 

8 
9 

81 

88 

1 

9 

70 

IQmm 

5 

48 

9 

eo 

20o"n 

53 

4 

87 

5 

90 

5 

40 

I 

In  this  table  E  indicates  the  average  time  of  the  extensor  move- 
ment, F  that  of  the  flexor  movement,  C  that  of  the  complete 
movement,  MV  the  average  deviation  and  n  the  number  of  records 
in  each  case. 

With  the  distance  of  5*"'"  the  extensor  movement  required  less  time 
than  the  flexor  movement  and  was  much  more  regular.     With  10"" 
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there  was  a  similar,  but  smaller  difference  ;  the  limits  of  average 
deviation  show  that  in  many  cases  the  slower  extensor  movements 
took  longer  than  the  faster  flexor  movement.  With  20'"™  the  flexor 
movement  was  much  more  rapid  than  the  extensor  movement.  It  is 
evident  that  the  point  at  which  they  require  the  same  time  lies  some- 
what above  10"". 

These  results  can  perhaps  be  explained  in  the  following  way. 
When  the  key  was  in  position  the  middle  finger  was  placed  on  the 
upper  cross-piece  while  the  fixed  slide  was  held  by  the  thumb. 
So  whatever  the  distance,  the  fore-finger  was  always  brought  back 
to  the  same  bent  position.  Now,  when  the  distance  is  very  small  the 
finger  is  never  fully  extended  ;  thus  the  extensor  muscle  has  abun- 
dant leverage  to  do  a  little  work  in  a  very  short  time,  while  the 
flexor  is  not  so  favored.  As  the  distance  increases  the  flexor  slowly 
gains  its  power — slowly,  because  it  had  never  been  bent  enough  to 
obstruct  its  movement  materially.  But  while  the  flexor  is  slowly 
increasing  in  strength,  the  extensor  is  losing  quite  rapidly,  for  only  a 
few  centimeters  will  fully  extend  the  finger  so  that  its  whole  power 
will  be  lost.  When  the  distance  is  10""  the  two  powers  are  nearly 
equal,  but  with  the  excess  in  favor  of  the  extensor.  At  20""  the 
balance  of  power  has  changed,  and  the'extensor  is  so  near  the  end  of 
its  strength  as  to  show  clearly  in  the  results. 

A  curious  result  of  the  gain  in  one  muscle  and  the  loss  in  the  other 
is  the  fact  that  the  total  time  of  vibration,  or  tapping,  varies  only 
about  10  per  cent,  for  distances  standing  in  the  relation  of  1  to  4. 

The  time  of  rest  was  quite  different  at  the  two  positions.  At  the 
end  of  the  extensor  movement  the  make-spark  and  the  break-spark 
indicated  a  period  of  2^  to  3*^,  occasionally  4*^.  At  the  end  of  the 
flexor  movement  the  time  of  rest  was  so  short  that  seldom  more  than 
one  spark  was  present,  indicating  a  time  too  short  for  dete<^tion. 

In  looking  over  the  single  records  it  was  found  that  the  time  of 
movement  was  much  more  regular  than  the  introspective  observation 
had  indicated.  At  times  the  observer  seemed  unable  to  move  the 
muscle ;  some  unusually  long  times  are  found  in  the  record  but  not 
so  often  as  the  observer  supposed. 
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E.  W.  Scripture  and  C.  S.  Lyman. 

"  The  ignorance  of  the  ancients  in  regard  to  the  art  of  experi- 
menting, or  the  low  state  of  development  which  it  reached  with 
them,  is  one  of  the  causes  why  their  physics  lagged  so  much 
behind,"  says  Poggeudorff  in  his  Lectures  on  the  History  of  Physics. 
In  comparison  with  such  sciences  as  mathematics  and  astronomy 
physics  has  achieved  most  of  its  progress  in  modem  times.  In  the 
very  latest  times  the  experimental  methods  have  been  carried  over 
from  the  general  science  of  physics  to  the  technical  sciences  depen- 
dent on  it;  the  science  of  electrical  engineering  is  built  on  experi- 
ments and  measurements,  partly  taken  from  the  physical  labora- 
tories but  also  to  a  great  extent  carried  out  by  practical  men  for 
practical  purposes. 

In  psychology  the  first  real  progress  since  Aristotle  began  when 
Fechner  showed  the  possibility  of  experimental  methods.  "  With 
the  introduction  of  experiment,  the  trustworthy  application  of  the 
method  of  introspection  became  for  the  first  time  possible  "  (Wuxdt, 
Physiol.  Psy.,  4  ed.,  I  4).  Psychology  to-day  is  a  science  of  experi- 
ment and  measurement.  The  time  seems  at  hand  when  applied 
psychology  should  also  become  an  exact  and  trustworthy  science. 
Pedagogy,  or  the  science  of  education,  is  in  great  extent  based  on 
psychology.  It  will  not,  however,  do  to  wait  for  the  crumbs  that 
fall  from  the  psychologist's  table;  he  is  thinking  of  other  matters 
than  practical  applications.  Pedagogy,  moreover,  has  its  own  pecu- 
liar problems  which  must  be  solved  in  special  ways.  Can  pedagogy 
make  use  of  experiments  in  solving  any  of  its  problems  ? 

We  have  chosen  such  a  simple  matter  as  the  drawing  of  a  straight 
line  and  have  tried  to  gain  information  on  the  subject  by  making 
experiments.  The  main  object  was  to  see  if  we  could  really  experi- 
ment on  a  pedagogical  subject;  at  the  same  time  we  hoped  to  make 
a  contribution  to  our  ^knowledge  of  methods  of  drawing.  No  wide 
generalizations  have  been  attempted;  we  have  gathered  a  few  facts 
and    drawn    the    proximate  conclusions    from    them.      We    firmly 
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believe,  however,  that  not  only  can  other  questions  that  arise  in 
regard  to  drawing  be  settled  by  experiments  conducted  in  the  proper 
way,  but  also  that  the  same  method  can  be  extended  with  little 
difficulty  to  innumerable  questions  that  arise  in  education. 

Ten  boys  of  the  upper  grammar  grade  of  the  school  of  Manchester, 
Conn.,  were  chosen  so  as  to  be  of  as  nearly  the  same  age  as  possible, 
the  average  age  being  13  yrs.  3  mos.  They  had  had  some  instruc- 
tion in  drawing  throughout  the  various  grades,  but  not  to  such  an 
extent  as  in  the  city  schools  ;  some  of  them  from  the  country  dis- 
tricts had  had  very  little. 

The  boys  all  sat  at  their  desks  in  just  the  same  positions.  A  sheet 
of  paper  7  in.  long  by  4  in.  wide  was  placed  before  each.  In  the 
middle  of  the  sheet  were  two  dots  100"*"'  apart  lengthwise  of  the 
paper.  At  a  given  signal  each  boy  drew  a  straight  line  between  the 
dots.  Afterwards  a  ruler  was  laid  on  each  sheet  so  that  its  edge 
cut  the  dots.  With  a  pair  of  dividers  the  greatest  deviation  of  the 
line  drawn  from  the  true  straight  line  was  found.  The  dividers 
were  then  applied  to  a  scale  and  the  results  recorded  in  millimeters, 
the  tenths  of  a  millimeter  being  estimated.  The  additional  figure 
was  retained  in  the  averages,  the  last  significant  figure,  however,  is 
tenths  of  a  millimeter. 

The  experiments  were  performed  under  certain  sets  of  conditions. 
In  the  first  sets  the  boys  sat  squarely  in  front  of  the  desk,  holding 
the  pencils  in  the  usual  way  grasped  near  the  middle.  The  line  was 
drawn  with  a  single  movement  of  the  pencil,  without  going  over  it 
a  second  time  or  erasing.  The  first  line  drawn  was  horizontal,  i.  e. 
parallel  to  the  front  surface  of  the  body.  On  the  second  set  of 
papers  the  line  drauni  was  vertical,  the  other  conditions  remaining 
the  same.  In  the  third  set  the  line  was  45°  to  the  right,  in  the 
fourth   45°  to  the  left.     The  positions  of  these  lines  can   be  thus 

shown:   0°  ^T  270°  \i    45°  ^^  325°  >w.      The   arrows   indicate 


V     -         _.        -         \, 


the  direction  of  movement  of  the  pencil.  In  calculating  the  devia- 
tions, or  errors,  those  deviations  toward  an  excess  of  the  angle  were 
called  +,  those  toward  the  primary  position  of  the  line  — ;  in  the 
table  the  corresponding  terms,  over,  under,  to  the  right  and  to  the 
left  are  added.  The  total  error  ^  is  the  difference  between  the 
maximum  4-  deviation  and  the  maximum  —  deviation,  i.  e.  the 
amount  of  the  4-  deviation  added  to  the  amount  of  the  —  deviation. 
It  is  not  the  distance  between  the  extremes  of  the  deviations  of  the 
same  line. 
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In   farther  sets  of  experiments  the  position  of    the  boys    was 
changed,  the  right  side  being  placed  toward  the  desk.     Still  other 

TABLE. 


I        ■        • 

\o  OAKO' 


0°  I  45°  270°  826* 

Varied  condition       +      —      S       -»-i—       2       +       —       2|    +    i   —   ,2 

over  and'r  i  left    right  ri«lit   left  right    left 


^*^^^ft^y  ^^'    ^-^  ^-^^  ^-^^  ^'^^  ^-^^  ^-^  ^-^  ^-^^  ^'^^  ^•^^'  ^-^  ^-^ 


^^^i,f^of!;-i^^^     110  0.51  1.6l'2.22  0.48  2.65  1.41  0.»4  2.85  1.06  1.64  2.70 
gnp,  steady 


^*^"^ft^d^  ^^'    0.56  1.43  1.99' 2.06i  0.76  2.82  0.88  1.20  2.08^  0.76  1.75  2.51 


^^^ti^y  ^^'  ^-^  ^-^^  1.65  1.66  0.81  1.97  1.14  0.68  1.77|  I.80' 1.67, 2.97 


^*^,^L^1^^'    1-24  0.94  2.18  0.96^  1.45  2.41 
progressive 

^'i.?^^vf  ^'  1 1-88  O"^**  2.12, 1.16, 1.08  2.19 
^■^p^^ivf*^'  ;  1-40  1-15  2.55'  1.16  1.07  2.28 


Average 


1.00  1.01  2.01  1.42;  0.95  2.87  1.16  0.82  1.98  1.07  1.86  2.98 


sets  were  the  same  as  the  first  excepting  the  grip,  the  pencil  being 
held  near  the  point.  In  the  next  sets  the  pencil  was  held  far  from 
the  point,  otherwise  the  conditions  were  the  same  as  in  the  first  set. 
In  the  next  three  sets  the  lines  were  drawn  by  progressive  move- 
ments instead  of  a  steady  movement.  Two  inclinations  were  chosen, 
0°  and  45°.  The  first  set  was  done  with  the  middle  grip  of  the 
pencil,  the  second  with  the  near  grip,  the  third  with  the  far  grip. 

Some  experiments  were  tried  with  other  positions  than  those  of 
facing  and  right  side,  but  the  positions  were  so  awkward  that  no 
results  worth  tabulating  were  obtained. 

From  the  results  given  in  the  table  we  can  draw  a  number  of  con- 
clusions. The  facing  position  is  more  favorable  for  horizontal 
(1.96)  and  vertical  lines  (1.75)  than  it  is  for  inclined  lines  (2.36,  8.62). 
The  right-side  position  is  also  more  favorable  for  horizontal  (1.61) 
and  vertical  (2.35)  than  for  45°  (2.(55)  and  325°  (2.70).  This  is  what 
we  might  expect  as  a  result  of  Listing's  law  according  to  which  the 
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eye  moves  more  easily  upward,  downward,  right  and  left  (i.  e.  ver- 
tically and  horizontally),  than  in  intermediate  positions. 

In  drawing  horizontal  lines  and  325°  lines  the  right-side  position 
is  more  favorable  than  the  facing  position;  for  the  others  facing  is 
preferable.  This  is  perhaps  to  be  explained  by  the  fact  that  the 
fore  arm  swings  around  the  elbow  in  a  curve  which  in  order  to  pro- 
duce a  straight  line  must  be  compensated  by  a  backward  and  for- 
ward movement  of  the  upper  arm  around  the  shoulder.  In  the 
facing  position  with  the  paper  directly  in  front  the  fore  arm  touches 
the  body  at  the  start  and  the  hand  is  bent  at  the  wrist.  As  the  arm 
moves,  it  becomes  freer  and  a  more  natural  position  is  assumed. 
This  change  in  the  manner  of  carrying  the  arm  would  tend  to  intro- 
duce uncertainty  into  its  movements.  With  the  arm  raised  upon  the 
desk  in  the  right-side  position  it  is  brought  clear  of  the  body,  and 
the  line  can  be  executed  in  one  sweep.  In  drawing  the  45°  line  the 
arm  is  just  as  free  in  the  facing  as  in  the  right-side  position  and  we 
find  little  difference  in  the  results.  In  drawing  the  vertical  line  we 
would  naturally  expect  much  greater  accuracy  when  the  motion  is  a 
simple  forward  or  backward  movement  of  the  arm  around  the 
shoulder,  as  in  the  facing  position,  than  when  the  arm  has  to  undergo 
complicated  adjustment  with  the  elbow  raised.  Why  there  should 
be  a  difference  with  the  325°  line  it  seems  impossible  to  say.  Both 
positions,  facing  and  right  side,  are  on  the  whole  equally  favorable 
for  accuracy,  as  can  be  seen  by  taking  the  average  of  the  total  errors, 
^\  2.40  for  facing,  2.33  for  right-side. 

Holding  the  pencil  far  from  the  point  is  in  general  the  most  accu- 
rate method  (average  of  ^  2.09);  near  the  point  is  as  accurate  as 
the  middle  grip  (2.40).  With  the  pencil  far  from  the  point  the 
line  is  drawn  with  a  smaller  movement  of  the  hand,  which  would 
give  a  better  result  than  a  larger  movement  requiring  adjustments 
from  elbow  and  shoulder.  For  horizontal  lines  the  far  grip  is  the 
most  accurate  (1.65  against  1.96,  1.99);  for  45°  the  same  is  true  (1.97 
against  2.36,  2.82);  for  vertical  lines  the  middle  and  the  far  grips 
are  the  same  (1.75,  1.77),  the  near  grip  is  unfavorable  (2.03);  for 
the  325°  line  the  near  grip  is  the  best  (2.51),  the  far  grip  is  next 
(2.97),  the  middle  grip  is  very  unfavorable  (3.52).  That  the  325° 
line  forms  an  exception  to  the  advantages  of  the  far  grip  and  is  much 
less  regular  than  the  others,  is  evidently  connected  with  the  awk- 
ward contraction  of  the  fingers  in  this  direction. 

In  progressive  lines  experiments  were  made  only  on  0®  and  45". 
With  the  middle  grip  the  result  is  less  accurate  for  both  horizontal 
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(2.18  against  1.96)  and  inclined  lines  (2.41  against  2.36)  than  for 
steady  lines.  With  the  near  grip  it  is  less  accurate  for  horizontal 
(2.12  against  1.99)  but  more  accurate  for  inclined  lines  (2.19  against 
2.82).  With  the  far  grip  it  is  much  less  accurate  for  both  (2.55 
against  1.65;  2.23  against  1.97).  In  general  we  would  expect  a  pro- 
gressive line  produced  by  complicated  movements  to  be  less  accurate 
than  a  steady  line.  This  is  the  case  except  in  the  inclined  line  with 
near  grip;  for  this  exception  we  are  unable  to  find  any  reason. 

When  we  compare  the  two  kinds  of  errors  4-  and  —  we  find  that 
for  0°  they  are  in  general  equal  (1. 00  to  1.01).  In  the  facing  posi- 
tion with  the  steady  line  the  —  error  is  larger,  the  -f  errors  being 
0.86,0.56,  0.53,  the  —  errors  being  1.10,  1.43,  1.12.  With  the  pro- 
gressive line  the  reverse  is  the  case  :  -f  errors  1.24,  1.33,  1.40;  — 
errors  0.94,  0.79,  1.15.  In  general  the  facing  position  gives  a  ten- 
dency to  —  errors,  the  right-side  position  to  -f  errors. 

With  the  45°  lines  the  general  tendency  is  to  4-  errors  (1.42 
against  0.95).  This  is  to  be  expected  as  the  45®  line  is  an  arc  drawn 
by  the  forearm  with  a  correction  introduced  by  the  upper  arm  ; 
when  we  try  to  draw  two  arcs  of  a  circle  instead  of  the  straight  line 

we  generally  make  the     /^-i       arc  too  curved  and  the    ^y^       too 

flat.  With  progressive  lines  the  tendency  is  for  some  reason  just 
the  reverse  but  is  in  general  much  less.  In  the  right-side  position 
there  is  an  overwhelming  tendency  to  +  errors  (2.22  against  0.43). 

With  the  270°  lines  the  general  tendency  is  to  -f  errors.  The 
middle  grip  and  the  far  grip  give  -f  errors,  the  near  grip  —  errors. 

With  the  325°  lines  the  —  errors  predominate  in  almost  every 
case. 

It  is  interesting  to  note  which  inclinations  give  on  the  whole  the 
most  accurate  lines.  By  comparing  the  vahies  for  ^  we  find  that 
the  most  accurately  drawn  line  is  the  270°  or  downward  vertical  line 
and  the  least  accuratelv  drawn  the  325®  or  left  inclined  line. 

The  reasons  for  many  of  these  facts  are  still  greatly  matters  of 
conjecture  to  be  settled  only  by  careful  investigation  of  the  action 
of  the  separate  muscles  of  the  arm  and  eye  in  each  case. 
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E.  W.   Scripture. 

In  starting  the  Yale  laboratory  it  was  deemed  best  to  provide 
ample  facilities  for  the  repair  and  construction  of  apparatus  by 
establishing  a  serviceable  workshop-equipment.  In  addition  to  the 
large  amount  of  work  done  for  the  investigators  of  special  problems, 
several  pieces  of  apparatus  of  general  use  were  invented  and  manu- 
factured. Some  of  these,  the  multiple  key  (first  model),  the  reaction- 
key  and  the  switch-board  have  been  described  in  the  preceding 
pages.  There  are,  however,  three  others  that  are  deserving  of 
mention. 

In  the  first  model  of  the  multiple  key,  the  two  levers  were  hung 
on  different  axles;  consequently  the  arcs  described  by  the  contact- 
points  were  not  concentric.  For  most  purposes  this  made  little  or  no 
difference.  For  two  of  the  numerous  uses  of  the  key  it  appeared 
quite  desirable  to  avoid  this  difference  of  centers.  In  the  first  place 
it  is  geometrically  evident  that  in  using  the  contact  E-U  (fig.  1 1 ) 
the  upper  point  will  slide  sideways  slightly  as  the  key  is  depressed. 
This  makes  slight  variations  in  the  resistance  to  the  current  passing 
through  the  points.  These  variations  are  not  noticeable  except  in  a 
telephone-circuit ;  there  the  result  is  to  produce  a  grating  noise  in 
addition  to  the  tone  or  noise  sent  through  the  telephone.  The  other 
objection  is  a  somewhat  similar  one  in  regard  to  the  contact  D-S-T. 
The  point  T  slides  along  the  spring  S  and  causes  variations  in  the 
strength  of  the  current. 

To  remove  these  objections  a  new  key  was  built  in  which  the 
lower  lever  works  around  the  same  axis  as  the  upper  one,  so  that 
any  point  of  the  upper  lever  striking  the  lower  one  will  always 
touch  it  at  the  same  place,  no  matter  how  far  it  is  moved. 

The  new  key  is  shown  in  fig.  31.  The  lower  lever  has  two  project- 
ing arms  that  are  hung  on  the  axle  of  the  upper  lever.  There  is  no 
necessity  for  the  spring  S  (fig.  11)  in  the  first  key;  consequently 
both  contacts  7  and  3  are  alike.  Experience  having  shown  the 
mercury  cup  to  be  better  than  the  contact  N-R  of  the  first  key,  the 
latter  has  been  omitted.  Figures  opposite  the  various  contacts  in- 
dicate the  binding-posts  to  which  they  are  connected. 
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The  vital  point  in  the  construction  of  the  key  is  the  concentricity 
of  the  levers.  In  the  one  already  made  for  Clark  University  this 
has  been  carried  out  so  well  that  both  sets  of  contActs  7-8  and  3-4 


Fig.  81. 

can  be  adjusted  to  strike  at  the  same  time  and  maintain  their  con- 
tact through  an  arc  of  10°.  The  rubbing  of  the  upper  contact 
against  the  lower  one,  as  tested  by  the  telephone,  has  been  totally 
eliminated  for  7-8  throughout  the  arc  and  for  3-4  throughout  a 
somewhat  smaller  one. 

Another  piece  of  apparatus  constructed  is  a  pendulum-contact. 

Those  who  have  used  mercury  contacts  for  clock -pendulums  well 
know  the  continual  trouble  that  they  give  when  placed  in  the  center 
of  the  arc  of  swing  at  the  extremity  of  the  pendulum.  Relief  has 
been  sought  by  resorting  to  plntinnm  contacts  made  when  the  pen- 
dulum is  at  the  extremes  of  its  arc.  The  sources  of  error  in  this 
method  have  made  it  almost  inapplicable  in  scientific  work. 

After  wasting  considerable  time  and  money  in  these  two  ways,  a 
contact-apparatus  was  invented  which  made  platinum  contact  in  the 
middle  of  the  arc  of  swing.  In  this  way  the  advantages  of  solid 
contact  and  mid-arc  contact  were  gained  together. 

This  clock-contact  is  shown  in  tig,  32.  The  support  A  carries  the 
horizontal  metal  piece  B  with  the  binding-post  C.  The  rubber  block 
D,  fastened  to  B,  carries  the  metal  arm  E,  which  by  means  of  its 
axle  is  in  contact  with  the  binding-post  F.  At  the  end  of  £  there 
is  a  platinum  point  G  which  rests  on  another  platinum  point  at  the 
end  of  the  screw  11.  This  instrument  is  placed  on  the  floor  of  the 
clock  just  far  enough  in  front  to  clear  the  pendulum.  A  fine  wire  I 
is  run  from  the  arm  E  to  a  pin  on  the  pendulum-arm  J.  If  H  is 
adjusted  so  that  the  platinum  points  just  touch  when  the  pendulum 
is  at  rest,  any  movement  will  break  the  circuit.  When  the  pendu- 
lum is  swingiDg,  contact  is  made  only  at  the  lowest  point  of  the  aro. 
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Owing  to  the  light  weight  of  the  parts  and  the  smallness  of  the 
movement,  the  friction  is  exceedingly  small. 


Fig.  32. 

The  third  instrument  to  be  described  is  a  new  chronograph.  The 
electric  drum  mentioned  by  Bliss  on  p.  9  was  a  temporary  arrange- 
ment which  did  such  excellent  service  that  the  construction  of  a 
thorouofhly  durable  apparatus  was  decided  upon. 

The  drums  used  for  physiological  work,  such  as  the  Baltzar 
kymograph,  are  made  to  run  at  slow  rates  of  speed.  Those  used  for 
physical  purposes,  such  as  the  Konig  drum,  are  not  made  for  con- 
tinuous running.  For  psychological  work  there  is  need  of  a  very 
rapid  drum  running  continuously  as  long  as  desired.  In  the  Wundt* 
chronograph  a  high  rate  of  speed  is  obtained  by  using  clockwork  as 
the  motor  power.  Such  an  arrangement  is  very  expensive  and  is 
unsatisfactory  in  several  ways. 

The  drum  shown  in  fig.  33  is  either  a  hand-drum  or  an  electric 
drum.  The  cast-iron  base  is  supported  on  three  fixed  and  one 
adjustable  leg.      The  drum  itself  runs  on  hardened   steel   centers 
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beld  by  two  uprights  bolted  to  the  base.  When  the  drum  is  to  be 
turned  by  hand,  a  large  wheel  is  placed  on  the  axle  as  shown  in  the 
figure.     With  this  weight  the  drum  will  run  several  minutes  with 
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one  impulse  of  the  hand.  When  an  electric  motor  is  to  be  used,  the 
wheel  is  removed  and  a  pulley  is  placed  on  the  axle.  The  motor 
is  fastened  to  the  base  by  a  slide  and  bolt. 

The  carriage  for  the  time-marker  i.s  mounted  on  rails  planed  like 
those  of  a  lathe-rest.  Rigidity  is  attained  by  the  conical  support 
for  the  rod. 
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ON  MEAN  VALUES  FOR  DIRECT  MEASUREMENTS, 

BY 

E.  W.  Scripture. 


Sources  of  error. 

In  making  measurements  we  are  subject  to  errors  which  can  be 
classed  as :  1.,  errors  of  scale,  2.  errors  of  observation,  3.  errors  of 
definition,  4.  errors  of  number,  5.  errors  of  calculation. 

1.  Errors  of  scale.  Since  the  divisions  of  the  standard  used  in 
measuring  come  into  consideration,  it  must  be  determined  on  every 
occasion  what  aliquot  portion  of  the  unit,  or  what  ultimate  sub- 
unit  shall  or  can  be  finally  considered.  Let  this  sub-unit  be  r. 
On  the  axis  of  X  (fig.  1)  let  the  value  of  the  quantity  measured  be 
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at  Pwhen  expressed  with  infinite  accuracy.  Let  the  sub-unit  be 
applied  in  succession  from  O,  producing  a  series  of  points  -P,,  -P,, 
.  .  .,  P«-i,  Pmy  -Prn+i*  ^^  -^m  18  the  ucarcst  point  to  P,  the 
number  mr  is  noted  as  the  value  of  P.  The  measurement  thus 
consists  not  in  giving  the  absolutely  true  value  of  P  but  in  noting 
the  nearest  mark  of  the  measuring  instrument.  The  error  of  scale 
P—P^  in  any  particular  case  cannot  be  known,  as  all  the  points 
between  Q  and  JR  will  be  denoted  by  the  same  result.     It  is  usually 

assumed  that  results  between     0=P^+-    and   i?  =  P-— -    are 

equally  probable  and  that  in  the  long  run  the  result  P^  =  mr  will 
differ  but  little  from  P. 

T  T 

The  assumption  of  equal  probability  for  an  error  of  +-  and  —-is 

not  strictly  correct.     Particularly  wrong  is  the  further  assumption 

r  r 

that  all  values  between   -f-  -  and  —  -  are  equally  probable. 

a  2 

If  all  other  sources  of  error  be  made  negligible,  i.  e.  if  the  errors 
of  observation  and  of  definition  be  made  sufficiently  small,  the  re- 
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suiting  value  P  can  be  determined  in  each  case  with  an  approxima- 
tion so  close  that  it  can  be  regarded,  comparatively,  as  the  true 
value.  The  scale-readings  for  a  set  of  results'  can  then  be  compared 
with  the  "  true  "  values.     Thus  a  series  of  differences 

are  obtained,  which  can  be  called  the  errors  of  scale. 

The  real  values  of  the  measurements  are  thus  distributed  over  a 
region  p(^^^P^")  for  which  one  value  P^  is  read  as  a  representa- 
tive. It  thus  becomes  a  question  how  well  P^  represents  the  true 
values. 

The  influences  that  affect  the  error  of  scale,  whereby  the  actual 
reading  may  be  too  great  or  too  small,  may  be  said  to  be  of  two 
kinds  :  1.  instrumental,  2*.  psychological. 

An  example  of  the  former  may  be  seen  in  all  instruments  in  which 
the  reading  depends  on  a  bar  dropped  into  the  teeth  of  a  rack,  as  in 
the  Hipp  chronoscope.  If  the  edges  of  the  bar  and  of  the  teeth 
were  infinitely  sharp,  the  bar  would  (other  sources  of  error  supposed 
absent)  drop  and  slide  down  just  as  often  on  one  side  of  a  tooth  as 
the  other.  If,  however,  the  edges  are  rounded,  as  they  must  eventu- 
ally become  by  wear,  the  inertia  of  the  body  in  motion,  whether  the 
bar  or  the  rack,  will  carry  the  bar  constantly  to  one  side  whenever 
it  strikes  on  the  rounded  edge.  Thus  in  the  Hipp  chronoscope  the 
readings  are  all  slightly  too  large.  A  reading  of  m^  is  supposed  to 
represent  all  values  between  {m  +  ^y  and  {fn-^^y  whereas  in  an  old 
instrument  m^  may  be  the  reading  possibly  for  (m-^iy  to  (*w— 1)^. 

An  example  of  the  latter  is  found  in  the  familiar  case  of  reading 
in  tenths  of  the  index-unit  on  a  graduated  scale,  as  in  getting  thou- 
sandths of  a  second  from  a  tuning-fork  curve  in  hundredths.  A 
large  portion  of  the  work  on  the  least  perceptible  difference  might 
be  used  to  determine  the  law  of  frequency  for  the  error  of  scale. 

r  r 

The  assumption  of  equal  probability  for  an  error  of  +  -  and 

2  2 

is  not  strictly  correct,  as  the  law  of  probability  followed  by  the 

measurements  in  general  will  be  followed  here  also.    It  has  been 

proven,  however,  that  the  error  introduced  by  the  assumption  is  of 

the  second  order  of  smallness  as  compared  with  the  error  of  scale.' 

2.  Errors  of  observation.     In  making  measurements  the  error  of 


*  Lehmann-Filh^s,  Ueber  Ausgleichung  abgerundeter  Beobachtungen^  Afitr.  Kachr., 
1889  CXX  305. 

PizzETTi,  Sur  la  theorie  dea  observations  arrondies,  Astr.  Nachr,  1890  CXXIV  3S. 
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scale  can  be  made  so  small  as  to  be  negligible  in  comparison  with 
all  other  sources  of  error.  The  measurements  x^y  a,,  .  .  .,  ar, 
can  be  considered  as  having  been  recorded  with  practically  perfect 
accuracy.  They  will  disagree  owing  to  sources  of  error  thus  classi- 
fied by  Lambbbt:*  inaccuracy  of  the  instruments,  lack  of  care  of 
the  observer,  dullness  of  the  senses,  and  circumstances  of  the  obser- 
vation. The  errors  of  observation  resulting  herefrom  falsify  the 
separate  measurements.  As  these  sources  of  error  are  made  smaller 
the  values  of  x  differ  less  from  one  another  and  we  can  suppose  that 
they  would  ultimately  tend  toward  a  value  JTwhich  is  usually  called 
the  true  value  of  x.  If  we  could  know  this  true  value,  the  separate 
errors  of  observation  would  be  given  by 

As  we  cannot  know  -X'we  cannot  know  the  values  of  V,  If  we  take 
some  representative  value  i?,  we  obtain 

The  best  we  can  do  is  to  determine  that  the  value  JR  shall  not  differ 
from  X  by  more  than  a  given  amount.  This  is  the  problem  of 
adjustment  of  measurements  as  it  is  usually  proposed  in  works  on 
physical  measurements. 

3.  Errors  of  definition.  When  the  errors  of  scale  and  of  observa- 
tion are  made  so  small  as  to  be  entirely  negligible,  the  results 
aCj,  «,,  .  .  .,  «„  will  be  practically  true  as  far  as  these  errors 
are  concerned.  They  will  still  not  agree  owing  to  the  infinite  num- 
ber of  factors  entering  into  the  definition  of  the  quantity.  Xo  mat- 
ter how  carefully  we  define  it,  we  can  never  make  it  absolutely 
complete. 

Let  the  quantity  measured  be  the  height  of  the  American  soldier. 
The  object  is  already  limited  to  a  nation,  a  sex,  a  class  and  a  range 
of  ages.  Let  the  unit  of  scale  be  O.OOl'"  and  the  method  of  meas- 
urement be  a  blunt  point  descending  on  an  arm  supported  without 
shake  by  a  rigid  vertical  bar.  The  recorded  heights  will  extend 
over  a  range  of  0.60™.  The  height  of  the  American  soldier  is  thus 
uncertain  to  that  amount. 

Let  the  quantity  be  further  limited  to  a  given  age,  say  30  yrs.,  and 
a  given  nativity,  say  Massachusetts  ;  this  may  render  the  result  defin- 
ite to  0.30".  Let  it  be  further  confined  to  a  given  company  of  a 
given  Massachusetts  regiment  at  a  given  day.  The  result  might 
well  be  uncertain  to  0.16". 


>  Lambert,  TheorU  d,  Zuverlaseigkeit  d.  Beobachtungen  u.  Verawhe,  Beytr&ge  z.  Gebr. 
d.  Math.,  I  424. 
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These  limitatioDS  are  still  indefinite.  As  the  age  may  range  over 
12  months  and  the  constituency  of  the  company  might  change,  let 
the  measurement  be  limited  to  a  given  individual,  and  let  10  meas- 
urements be  made  in  the  manner  prescribed.  The  results  will  depend 
on  the  altitude  and  inclination  of  the  head.  Even  if  these  be  defined 
as  the  extreme  height  while  standing  on  the  heels,  the  individual 
will,  owing  to  practice  and  to  fatigue,  never  stand  twice  alike.  Let 
the  required  height  be  the  maximum  attainable  under  any  conditions  ; 
the  results  will  vary  unless  the  occasion  be  fixed  at  a  given  time. 
Although  the  subject  has  never  been  investigated,  the  varying  atmos- 
pheric conditions  during  the  day  undoubtedly  affect  the  activity  of 
the  nervous  system  and  thus  the  tension  of  the  muscles  maintain- 
ing the  upright  position.  Even  when  limited  to  a  definite  occasion 
the  results  will  vary  unless  the  pressure  of  the  point  on  the  skin  be 
defined.  Here,  however,  the  limits  of  accuracy  of  the  proposed 
method  of  observation  will  be  reached  ;  there  will  probably  be  no 
changes  comparable  to  the  inaccuracy  of  the  observer's  eye  in  ad- 
justing the  point.  A  finer  method  with  multiplying  levers  and  air- 
transmission  by  Mabey  capsules  will  reveal  continual,  though  minute, 
fluctuations.  The  error  of  definition  could  in  this  manner  be  reduced 
probably  to  0.0001™  by  taking  the  height  thus  indicated  at  a  given 
instant  With  still  finer  methods  familiar  to  physicists  the  instant 
of  time  would  necessarily  be  more  closely  defined.  Enough,  how- 
ever, has  been  said  to  show  that  owing  to  the  impossibility  of  defin- 
ing with  infinite  accuracy  the  quantity  measured,  the  true  value  of 
the  quantity  is  to  be  considered  as  that  which  is  obtained  with  an 
accuracy  sufiicient  for  the  purpose  in  hand ;  whether  it  be  a  general 
figure  by  which  to  compare  the  American  with  the  French  soldier, 
by  which  to  compare  those  from  the  different  states,  by  which  to 
designate  a  particular  individual,  or  by  which  to  determine  the  indi- 
vidual's change  at  each  instant. 

Let  it  be  required  to  determine  the  reaction-time  of  a  given  indi- 
vidual on  a  given  occasion  to  a  given  stimulus  of  a  given  intensity. 
Let  the  external  conditions  be  further  defined  by  perfect  quietness 
and  perfect  darkness ;  let  the  air-supply  be  of  a  given  quality,  the 
pulse-rate  of  a  given  frequency,  etc.  Let  the  method  of  recording 
be  accurate  to  1*^,  i.  e.  the  error  of  observation  shall  be  less  than  that 
amount.  Even  under  these  circumstances  the  results  willvary  owing 
to  the  continually  changing  subjective  conditions  of  attention, 
fatigue,  etc.,  which  are  still  beyond  control.  It  is  only  in  excep- 
tional cases  that  the  disagreement  can  be  reduced  below  an  average 
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of  10^.  As  the  methods  of  psychology  are  perfected  we  shall  be 
able  to  define  and  control  each  of  the  subjective  conditions  influenc- 
ing the  time,  until  we  can  define  the  reaction-time  so  that  it  shall  not 
vary  to  the  extent  of  I*'  under  the  given  conditions/  Of  course, 
when  this  occurs  the  errors  of  recording  must  be  proportionately 
small. 

When  the  error  of  definition  is  negligible  in  comparison  with  the 
errors  of  observation  in  direct  measurements,  physicists  speak  of 
the  "  true  "  value  of  the  quantity  which  would  be  attainable  with  an 
infinitely  accurate  method  of  observation.  As  physicists  are  able  in 
many  fundamental  cases,  e.  g.  length,  time,  etc.,  to  'define  more  accu- 
rately than  they  can  observe,  the  **true"  value  in  this  sense  is  often 
sharply  distinguished  from  an  average  value.  There  is  a  "  true  " 
value  for  the  height  of  the  barometer  for  any  given  minute  because 
we  cannot  observe  finely  enough  to  detect  the  continuous  fluctuation. 

Enough  has  been  said,  I  think,  to  indicate  that  the  distinction 
sometimes  made  between  the  average  of  observations  and  the  mean 
of  a  series  of  quantities'  is  really  a  distinction  between  the  mean  of  a 
series  of  quantities  subject  to  variation  in  observation  and  the  mean 
of  a  series  of  quantities  subject  to  variation  in  definition.' 

4.  Errors  of  number.  The  resu]t  of  a  measurement  is  recorded 
with  a  definite  number  of  decimal  places,  whereas  a  perfectly  true 
value  would  require  an  infinite  number.  The  possible  numerical 
error  of  any  result  recorded  to  a  places  is  0.6/8,  where  /8  is  1  unit  in 
the  a  place.  Owing  to  the  partial  cancellation  of  these  errors  in 
combining  measurements,  the  mean  numerical  error  in  the  a  place  is 
0.25^. 

5.  Jihrrors  of  calculation.  The  errors  caused  by  mistakes  in  read- 
ing scale-numbers,  in  writing  them  down  and  in  performing  the  ne- 
cessary arithmetical  calculations  can  be  treated  by  the  principles  of 
probability.*  For  the  sake  of  simplicity  they  will  be  left  out  of  con- 
sideration here. 


*  SCRIPTCRK,  Accurate  work  in  psychology.  Am.  Jour.  Psych ,  1894  VI  427. 

*  QuETELET,  Th^rie  des  prob.,  Lettre  XI,  Bruxelles  ISie*. 

Bbrschel,  Quetblet  on  prohabilites,  Edinburgh  Rev.,  1850  CLXXXV  1 ;  Essays, 
^65  (404),  Lond  1857 ;  also  in  Queielet,  Physique  socialo  de  Thomme,  I  35,  Bnix- 
elles  1869. 

Jevoxs,  Principles  of  Science,  2.  ed  ,  :«G2,  Lond.  1887. 

*  Venn,  Logic  of  Cliance.  2.  ed.,  96,  Ix)nd.  1876. 

*  HOPMANN,  Ermittelung  der  Tragweitt  (lev  Neunerprobe  bei  Kenntniss  der  subj,  Genauig- 
keit  dea  Recknenden,  Zt  f.  Malh.  u.  Phys.,  1889  XXXIV  116. 

Emmerich,  Zur  Neuneiprobe,  Zt.  f.  Math.  u.  Phys.,  1889  XXXIV  320. 


6  '  E.   W.  Scripture, 

Representative  values. 

Owing  to  the  various  sources  of  error  the  measurements  x^, 
^•9  •  •  •)  ^n  ^^11  generally  disagree.  The  disagreeing  results  of 
the  measurements,  regarded  in  themselves,  are  actual  concrete 
matters  of  fact.  For  practical  reasons  these  values  are  replaced  by 
one  value  deduced  from  them  on  some  given  principle.  The  proper 
selection  of  the  representative  value  requires  a  clear  conception  of 
the  purpose  for  which  it  is  to  be  used  and  of  the  method  of  deduc- 
tion. 

It  is  sometimes  desirable  to  choose  an  extreme  value  to  represent 
the  actual  ones,  e.  g.  the  highest  mast  to  be  allowed  for  in  building 
a  bridge,  the  smallest  difference  that  might  be  noticed,  the  largest 
variation  for  a  given  degree  of  probability;  but  for  the  purpose  here 
under  consideration  some  mean  value  is  desired  and  to  this  the  dis- 
cussion will  be  confined. 

Proposed  means. 

Means  have  been  proposed  on  four  principles:  1.  on  consideration 
of  the  properties  of  a  geometrical  or  material  figure  employed  in 
representing  the  results  and  their  probabilities;  2.  on  the  principles 
of  probability  a  priori/  3.  on  the  possible  ways  of  practically 
calculating  means  ;  4.  on  certain  relations  of  the  powers  of  the 
variations. 

1.  General  analytical  or  geometrical  deduction.  If  we  denote  the 
number  of  occurrences  of  the  result  x^  by  m^t,  where  A?=sl,  2,  .  .  .,  n, 
then  the  quotients 

in,      m,  m, 

>  >     •     •     •>        > 

mm  m 

where  m  =  m,  +  ?/*,  +  .  .  .  +^„  will  denote  the  relative  fre- 
quencies of  a;,,  .T,,  .  .  ,,  x^  respectively.  These  frequencies  stand 
in  the  relation 

m^:  m^\  .     .     .:  m^. 

When  the  individuals  are  taken  at  random,  as  m  is  made  greater, 
the  quotients  tend  toward  definite  limits, 

known  as  the  probabilities  of  x^,  «,,  .    ..,»•„  respectively. 

a.  Selection  on  the  basis  of  y  =  <^(aj).  Let  the  given  values  be 
laid  off  on  the  axis  of  A"  (fig.  2)  and  the  ordinates  y^,  y„  .     .     .,  y„ 
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be  erected  proportionately  to  <l>{Xj),  <l>{x^)f  .     .     .,  <^(a^«).     For  con- 
tinuous values, 

y  =  *(•«)  (1) 

will  be  the  Expression  for  the  curve  or  law  of  frequency  or  prob- 
ability. 


Fig.  2. 

The  probability  of  any  value  x  may  bo  regardcMl  as  the  probability 
of  a'  value  falling  between  j*  aixl  .r  +  dx.  This  will  be  represented 
bv  the  area  inclosed  bv  the  curve  over  the  base  f^»»;  with  the  mean 
ordinate  <^(.e).     The  total  area  is 


=  J'^(x)dx.  (2) 


Since  the  probability  of  a  result  outside  of  the  given  limits  is  not 
0  but  is  infinitely  small,  it  is  justifiable  to  write 


'  00 

W 


<^(ar)ffo.  (3) 


—  » 


The  form  (2)  will,  however,  be  retained  here  as  the  extension  of  the 
limits  has  occasioned  some  misunderstanding.* 

Since  it  is   certain  that   all   values   are   included   between  —  oo 
and  +  00 , 

W  =  1.  (4) 

The  value    of    maximum   probability  is   the  abscissa  x^  of  the 
highest  point  of  the  curve.     It  is  found  by  putting 

dx 

and  taking  that  one  of  the  resulting  values  for  which  d*<l>{x)  dx^  is 
negative. 


'  Cattell,  On  errors  of  obaervatUmy  Am.  Joiu*.  Psych.,  1893  V  287. 
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The  value  of  meaD  area  x^  is  the  abscissa  whose  ordinate  divides 
the  area  of  the  curve  into  two  equal  parts,  and  is  found  from 

J4>{x)dx  =  J^(x)dx  =  i  TF  =  i.  (5) 

This  value  of  mean  area  was  called  by  Laplace^  the  value  of  middle 
probability.  For  the  sake  of  brevity  the  name  can  be  shortened 
into  "  middle  value." 

The  probabilities  ^(aj,),  ^(a?,),  .  .  .,  ^(a?,)  can  be  regarded  as 
parallel  forces  acting  on  the  points  x^,  a;,,  .  .  .,  a;«  of  a  straight 
line.     The  centroid  or  mean  center  will  be  at 

If  ^{x^,  ^(^s)>  •  •  •)  ^(^n)  ^6  regarded  as  masses  at  the  points 
of  a  straight  line,  the  position  of  the  center  of  gravity  will  be 
expressed  by  the  same  equation. 

For  continuous  values, 

I  x<^(x)dx 

Xi 

a.  = .  (7) 


f< 


i^(x)dx 
or,  on  account  of  (2)  and  (4), 


Xn 


Xc=   /x<l>{x)dx.  (8) 


Xi 

This  equation  also  represents  the  abscissa  of  the  center  of  gravity 
of  an  area  of  uniform  density  bounded  by  the  axis  of  JC  and  the 
curve  y  =  <l>{x). 

These  values  are  represented  in  fig.  2.  The  highest  point  of  the 
curve  is  at  A ;  its  ordinate  is  x^.  The  ordinate  m,  x^  divides  the 
area  of  the  curve  into  halves.  The  mean  center  or  center  of  gravity 
is  on  ^ ;  its  abscissa  is  Xr. 

b.  Selection  on  the  basis  of  Y=/<f>{x)dx.  Starting  with  a,  on  the 
axis  of  A^,  erect  the  ordinate  Y^=<f>{x^),     At  ic=a?„  erect  T^:=^(af^)  -|- 


*  Laplace,  Memoire  sur  la  prohahiliU  des  caiises  par  les  SvenementSj  M^m.  de  math. 
et  de  phys,  par  divers  savans,  Acad.  Paris,  1774  VI  621  (636). 
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«^(ar,);  at  «*,  (A;=l,  2,  .  .  .,  n)  erect  r;=«^(a:,)4-<^(«J+  .  .  .  + 
<f>{xj).  The  unit  of  abscissa  is  here,  as  before,  dx^  and  just  as  in  the 
previous  case,  these  values  can  be  transformed  into  continuous  ones. 
Thus 


SCk 


';=yV(a;)^. 


(9) 


Xi 


This  is  the  integral  curve  for  i/=if>(x),  and  may  be  plotted  or  drawn 
directly  from  it.* 


^X 


Fig.  8. 
The  difference  between  the  ordinates  at  the  beginning  and  end  of 
the  curve  will  correspond  to  the  total  area  of  the  frequency  curve. 
Thus 


r,-  i\=f<i>{x)dx=  w=i. 


Xi 

The  value  x^  whose  ordinate  Y^  is  halfway  between  Y^  and  Y^  is 
determined  by 

Y,-  r.=  r.-  r. 

or 

Xm  Xm 


J  il>{x)dx=J<l>{x)dx=z^  W=i. 


(10) 

This  value  x^  is  evidently  the  value  of  middle  probability  noted 
above. 


^  Abdank-Abakanowicz,  Lea  integraphes^  la  courbe  inUgrale  et  ses  applications^ 
Paris  1886. 


X, 
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The  over-quartile  a,  and  the  under-quartile  x^  are  determined  by 

The  octiles  are  determined  by 

x,=/(^-^y^-:^'iy  (*=i,2, .  .  .,8), 

These  may  be  used  as  characteristic  values  to  indicate  the  form  of 
the  curve.* 

The  percentiles 

-'=•^(—1^ -")'  <''=^'  ^'  •  •  •'  '^""^ 

have  formed  the  basis  of  the  method  of  percentile  grades.*     In  prac- 
tice the  percentiles  generally  become  vigintiles  or  deciles. 

Galton,  who  first  introduced  the  practical  use  of  this  method  of 
considering  measurements,  treats  them  in  a  way  which,  mathemat- 
ically stated,  is  as  follows.  With  any  arbitrary  unit  on  the  axis  of 
^,  erect  in  succession  the  ordinates 

extending  the  processes  till  the  value  x^  has  been  used  as  many  times 
as  it  occurs  in  the  set  of  results.     Likewise  let 

where  x^  has  occurred  m'  times.     Repeating  this  process  we  have 


^  Galton,  Hereditary  Genius,  .^3,  London  1870. 

Galton,  Statistics  by  (ntercomparison,  Phil.  Mag.,  1875  (4)  XLIX  33. 

Galton,  Inquiries  into  Human  Faculty,  51,  New  York  1883. 

MoAuSTBR,  T?ie  law  of  the  geometric  mean,  Proc.  Royal  Soc.  London,  1879  XXTX 
367  (374). 

Edoeworth,  ProbUins  in  probabilities,  Phil.  Mag.,  1886  (5)  XXII  371  (374). 
'  Galton,  Natural  Inheritance,  London  1889.    (I  liave  not  seen  this  work.) 

BowDiTOU,  Physique  of  women  in  Massachusetts,  XXI.  Ann.  Rept  Mass.  Stale  Boud 
of  Health,  286,  Boston  1890. 

BowDiTOH,  Growth  of  children,  XXII.  Ann.  Rept  Mass.  State  Board  of  Health,  47», 
Boston  1891. 

Seayer,  Manual  of  Anthropometry,  1.  chart,  New  Haven  1890. 

Geissler,    Ueber  die    Vorteik  der  Berechnung  nach  perzentilen  Oraim^  AUf  •  Sli^ 
Arch.,  1S91-1892  452. 
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Thus  in  general   F^^  is  the  ordinate  for 

-^'^,=  5'''^    (^=1,2,  .     .     .,n). 


m 


By  considering  the  whole  interval  covered  by  Xto  be  m=m'  +  m"-i- 


m!  m"  w. 


.     .     .   +wi„  with  the  sub-intervals  — ,  — ,  .     .     .,  — -"  we  have  for 
any  point  X^ 

^.=^S'>  (*=^'2,  .  .  .,A:). 
m' 
For  continuous  values  this  evidently  becomes  of  the  same  form  as 
(9)  and  would  become  exactly  the  same  if  the  y-axis  had  been 
used  in  place  of  the  -y-axis.  Galton's  elementary  illustration*  of 
a  group  of  men  placed  side  by  side  in  order  of  size  with  a  curve 
just  touching  the  tops  of  their  heads  has  led  to  the  use  of  the  axis 
of  JTfor  the  values  of  «„  «„  .  .  .,  a?,.  As  Galton's  method  and 
illustration  have  been  widely  accepted  by  statisticians,  confusion  is 
introduced  by  the  neglect  of  mathematical  conventions.  To  the 
non -mathematical  statistician  it  seems  more  natural  to  erect  height- 
ordinates  vertically  and  to  imagine  a  row  of  men  standing  on  their 
feet.  He  should  remember,  however,  that  in  the  simple  probability 
curve  the  heights  were  laid  off  horizontally  on  the  axis  of  ^and 
that  if  he  wishes  to  have  the  height-ordi nates  vertical  they  must  in 
both  cases  be  laid  off  on  the  axis  of  Y,  Galton'b  **  ogive "  curve 
is  obtained  by  tracing  the  integral  curve  on  tissue-paper,  look- 
ing at  it  from  the  back  of  the  paper  and  turning  it  through  90°. 
But  if  this  is  done,  the  simple  probability -curve  must  be  treated  in 
the  same  way.  In  respect  to  the  proper  choice  of  axes  Seavbb's 
table,  for  example,  is  correct,  Bowditch's  tables  and  curves  are  not. 

2.  The  moat  probable  valfie.  If  x  be  taken  to  represent  a  set  of 
values  «„  a;,,  .  .  .,  a5„  the  differences  «*— Xp,  (A:=l,  2,  .  .  .,  n), 
can  be  considered  as  errors  or  detriments.* 

The  antecedent  probability  of  any  set  of  errors  is  proportional  to 


1  Galtov,  SkOiiHea  by  intercomparison,  Phil.  Mag.,  1876  (4)  XLIX  33. 
*  GauHi  Theoiia  oomUnationifl  observationum,  I,  6. 
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That  value  of  x^  which  renders  this  product  a  maximum  is  a  priori 
the  most  probable  value.     This  requires  that 

4>{x^-x;)       d(x;)  <^{«,-«,)       ^(aJp) 


+  T7- 


1         J<^(a?,— JB^) 


which  is  the  equation  of  condition  for  the  determination  of  x^,^ 

This  equation  is  used  in  two  ways  :  1.  to  determine  the  law  of 
probability  required  for  an  assumed  most  probable  value  ;  2.  to  de- 
termine the  most  probable  value  for  an  assumed  law  of  probability. 
In  either  case  an  arbitrary  assumption  must  be  made^  as  Gauss 
clearly  recognized.*  If  the  average  be  assumed  as  the  most  proba- 
ble value,  then,  with,  the  usual  additional  assumptions, 

where  u^rsa*  — -4,    (A:=l,  2,  .     .     .,  n) 

and  -4= — . 

n 

If  another  mean,  e.  g.  the  median  or  the  geometric  mean,  be  assumed 

as  the  most  probable  value,  the  law  of  frequency  takes  a  different 

form. 

It  has  been  customary  to  regard  the  assumption  of  the  arithmetical 
mean  and  the  exponential  law  of  error  therefrom  deduced,  as  practi- 
cally verified,  although  theoretically  not  correct.* 

Since  the  fundamental  supposition  of  symmetry  of  the  probability- 
curve  is  quite  unjustitiable  for  psychological  measurements,  and  since 
the  theory  of  means  has  been  treated  by  Gauss  independently  of  any 
definite  law  of  error,- it  is  justifiable  to  omit  all  further  consideration 
of  this  treatment  of  the  most  probable  value,  although  Gauss's 
earlier  treatment  is  followed  by  most  of  the  text-books  on  the  ad- 
justment of  measurements.* 


*  Gauss,  Thooria  motiis  corp.  coel.,  II,  3,  177. 

*  Gauss,  Theoria  inotus  corp.  coel.,  II,  3,  177. 

Gauss,  Anzeuje,  Gott.  gel.  Anz.,  1821  Feb.  26;  Werke,  IV  98. 

*  Bertrand,  Calcul  des  probabilites,  183,  Paris  1889. 

*  Encke,  Uther  d.  Mefhode  d.  klcinsten  Quadrate^  Berliner  Astr.  Jahrb.,  1834  249. 
Cuauvenet,  Manual  of  Spherical  and  Practical  Astronomy.  469,  Pbila.,  1864. 
Helmert.  Die  Ausgleichungsrechnung,  Leipzig  1872. 

Meyer,  Vorlesungcn  ii.  Wahraclieinliclikcitsrechnung,  243,  Leipzig  1879. 

Merriman,  Method  of  Least  Sqiiarea,  New  York  1894. 

Weinstein,  Haudbuch  der  physikal.  Maassbestimmungen,  I  54,  Berlin  1886. 
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3.   Algebraic  selection.    Means  can  be  classed  according  to  the 
way  in  which  they  are  computed. 
a.   Combinatory  means.^    These  are 


n^)=V 


n 


•/1.2.  1    .   xxa 
'^  '  n(n— I) 


.  /  \%l>%    m      •      •   r»    is     n  3?  35^  •      •      • 

^  '  n(n— 1)  .     .     .  (n—r) 


X 

P 


Jf\{x)=\/x^x^  ...  or,. 

Of  these  means  only  two  have  come  into  use,  namely,  the  arith- 
metic mean 


*^  '  n 


and  the  geometric  mean 


b.  Power  means.    These  are 

Pr{^)=V   — 


'     n 


*  ScBEiBNER,   Ueber  MiUehDerthe^  Ber.  d.  math.-phy8.  CI.  d.    konig.  sacliB.  6es.  d. 
Wiss.,  1873  XXV  662. 

Fechkeb,  Uiiber  d,  Auagangswerth  d,  hi.  Abweiehungssumme^  Abhandl.  d.  math.- 
phys.  CI.  d.  kdnig.  s&ohs.  Oes.  d.  Wise.,  1878  XI  1<76). 
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By  analogy  we  might  put 

but  since  ic^=  I,  then  />o(a;)= V  1  =  1^=1  ^ ,  which  represents  an  inde- 
terminate quantity*  between  0  and  ao .     This  can  be  taken  to  express 
the  fact  that  the  median  Jf=:/>o(j;)  is  not  dependent  on  the  numerical 
values  of  x^^  a;,,  .     .     .,  x^. 
The  value 

*^  '  n 

is  the  arithmetic  mean.     When  x  represents  the  errors   from   an 
average,  their  mean 


>.(»)=^''-'+''''+  •  •  •  ^'^''^ 


m 
n 

is  the  mean-square-error  as  used  in  the  method  of  least  squares.     The 
quartic  mean  pX^)  ^^  ^^so  been  used  in  the  calculation  of  precision.' 
4.  Selection  to  minimize  a  function  of  the  variations.      Means 
have  been  so  selected  as  to  make 

where 

Vk=^Xt^Ry        (^'=1>  2,  .     .     .,  n). 

Pory((w)=S(w),  we  have* 

^  Caucht,  Coure  d'analyse  algebr.,  69,  Paris  1821. 
'  Gauss,  Theoria  combinationis  observationum,  I,  1 1 . 

'  BoSGOTion,  De  littera  expeditione  ad  dimetiendos  duos  meridiani  gradus,  Romae 
1755.  (I  have  not  seen  this  work.  It  is  described  in  Todhuntbb,  Hist  Theories 
Attract.,  I  305,  332,  Lond.  1873.) 

BosooviOH.  De  recetUissimus  graduum  dimensionibua,  Philosophia  recentior  a  B. 
Stay,  II  420,  Romae  I7G0.  (I  have  not  seen  this  work.  It  is  described  in  Todhuk- 
TER,  Hist  Theories  Attract,  I  321,  Lond.  1873.) 

Laplace,  Mem.  sur  la  prob.y  Mem.  de  math,  ct  de  phys.  par  divers  savanii,  Acad. 
Paris,  1774  VI  621  (635). 

Bernoulli,  Milieu^  Encyclop<5die  m^thodique.  Math.,  II  404,  Paris  1785:  Diet 
encycl.  d.  math.,  Paris  1789. 

Laplace,  Sur  les  degree  mesures  des  nieridiensy  Hist  Acad.  Sci.  Paris  1789,  M^.de 
math.,  18. 

Laplace,  M^canique  celeste,  III  40,  Paris  1804;  Oeuvres,  II  144. 

Laplace,  Theorie  anal,  des  prob.,  Suppl.  2,  §2. 

Fechner,  Ueber  d.  Ausgangswerth  d.  kl  Ahweichungssumme^  AbhandL  d.  makh.- 
phys.  CI.  d.  konig.  sachs.  Ges.  d.  Wiss ,  1878  XI  1. 

Glaisher,  On  the  law  of  facility  of  errors  of  observationSj  Mem.  Roy.  Astr.  Soe. 
Lond.,  1873  XXXIX  75  (123). 
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dR  -"• 
and 

For/l(»)=:2»',  or,  what  amoants  to  the  same  thing,  for 


A.,)=V^  =».. 


n 
we  have* 


R  ^.^i+^a*^      '       *       *     "^^*  =^ 


Average. 
Average  and  centroid.     The  average  is  defined  as 

A  —  *^>  "^  ^«  "^  •     '     *   "^  ^« 
~"  n 

If   m,,   m„    .     .     .,   w,    denote  the  number  of   times   the   values 
35,,  «a,  .     .     .,  «r  occur  respectively,  then 

.  _  a?!  +  g,  +  .     .     .  -f  g,      _       m^,  a,  -t^m,  ?t J^_: •  _ •  J^_^^'_  *^ 

""  n  ""  m^  +  m,  -f  .     .     .   +  w, 

_  Sma 

The  average  thus  corresponds  to  the  centroid  of  a  system  of  parallel 
forces. 

If  the  results  are  so  numerous  that  the  values  of  x  can  be  treated 
as  continuous  and  4i{x)dx  can  be  substituted  for  m,  the  average  can 
be  substituted,  with  a  small  error  c,  for  the  abscissa  of  the  centre  of 
gravity.     Thus 


/' 


x<f>{x)dx 


Xi 

A  = ±  c 


/ 


Xn 

if>{x)dx 


Xi 

which  in  consideration  of  (2)  and  (4)  becomes 


1  Leqendre,  Nouv.  methodes  pour  la  determination  ded  orbites  des  comdtes,  VIII, 
Paris  1806. 

Mbrbdi AN,  List  of  wriUnga  rdaiing  to  the  method  of  least  squares^  Trans.  Conn. 
Acad,  1877  IV  161. 
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A  =  J  x<^{x)dx  ±  €. 

If  ^{x)  is  unknown  and  the  n amber  of  resalts  is  large,  the  average 
A  represents  the  centroid-abscissa  x^  with  a  degree  of  certainty  and 
within  limits  determined  by  Poisson.*  For  a  large  number  of 
results 


A = «,  ±  '^p.  m 

*        yn 


with  a  probability  of 


r 


0 


where  A  is  a  quantity  derived  from  the  means  of  the  first  and  second 
powers  of  the  errors  but  is  not  amenable  to  practical  calculation 
except  for  known  <f>{x). 

Various  other  considerations  bearing  on  the  relation  of  the  aver- 
age to  the  centroid  and  to  the  individual  results,^  although  necessary 
to  a  just  appreciation  of  these  relations,  cannot  be  touched  here. 
The  assertion  that  the  use  of  the  average  is  the  mean  supposition  of 
all  possible  suppositions  as  to  the  mode  of  obtaining  value/  in  addi- 
tion to  its  questionable  character/  rests  on  the  assumption  of 
symmetrical  probability  which  cannot  be  admitted  here. 

IVecision  of  the  average.  The  calculation  of  the  mean  variation, 
the  mean -square-error,  the  probable  error,  the  constant  of  precision, 
etc.,  are  to  be  found  in  the  numerous  works  on  measurement 
They  generally  start  with  the  assumption  of  a  symmetrical  curve  of 
probability  and  pass  over  assymmetrical  curves  as  being  symmetri- 


^  PoissoN,  Rocherches  sur  la  prol)abilit6  dos  jiigements,  cl^.  IV,  Paris  1837. 

*  Lagrange,  Metn.  sur  Vutilite  de  la  ttiethode  d*i  prendre  It  milieu  entre  les  rSsultats 
de  plusieurs  ohsei-vations,  Miscell.  Tuurinensia,  1770-1773,  V  (inatli.)  167;  Oeuvres,  II 
171. 

Encke,  Ueher  d.  Anwenduny  d.  Wahrschehilichkeits-Rechnung  auf  BeobdchtUThgen^ 
Borliner  Astr.  Jahrb.  f.  1853,  310. 

PizzETTi,  Sopra  una  generalizzaziom  del  principo  delta  media  aritmetica,  Atti  d.  R. 
Accad.  doi  Lincei,  Rend.,  1889  (4)  V,  186. 

*  De  Morgan,  On  tlie  theory  of  errors  of  observation,  Trans.  Canib.  Phil.  Soc,  X 
409  (416). 

*  Glaisher,  On  tfie  laxo  of  facility  of  errors  of  obse)'vation,  Mem.  Roy.  Astr.  Soc 
Lond.,  1872  XXXJX  75  (90). 
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cal  curves  with  systematic  errors.  An  elementary  treatment  without 
this  assumption  is  given  by  Bebtband.' 

Numerical  error  of  the  average.  The  computation  of  the  average 
involves  a  decision  on  the  number  of  decimal  places  to  be  retained 
in  the  observed  values  and  in  the  mean  after  division. 

The  limitation  of  the  number  of  decimal  places  used  in  writing  a 
result  introduces  an  error  into  each  result.  Each  result  differs  from 
the  truth  by  not  more  than  •  one  half-unit  in  the  last  place  ;  its 
mean  error  is  ^  of  a  unit  in  the  last  place,  or  0.25)3  where  fi  denotes 
1  unit  in  the  last  place. 

When  n  results  are  added  to  form  an  average,  the  mean  error  of 

the  sum    will   be   0.25)3\/n.     The  average  itself  will  have  a  mean 

0.25 

error  of  -~/=  P* 
yii 

Although  this  supposition  is  the  usual  one  for  numerical  work,  it 
is  not  strictly  true.  Such  a  treatment  of  the  mean  error  is  valid 
only  when  the  law  of  frequency  is  expressed  by  (11).  The  error 
thus  introduced  is,  however,  negligible. 

Since  it  is  understood  that  the  last  decimal  place  is  subject  to  a 
mean  error  of  0.25)3,  the  extra  decimals  obtained  in  calculating  the 
average  of  100  results  may  be  retained  to  one  place  beyond  the 
original  results. 

Even  when  the  number  of  results  is  less  than  100,  the  retention  of 
one  place  further  introduces  less  error  than  rounding  off  to  a  places. 
Thus  for  25  results  the  mean  error  of  the  a  place  is  0.05)3,  and  of  the 
a+ 1  place  is  0.50)3^.  If  we  round  off  to  the  a  place  on  a  supposition 
of  a  mean  error  of  0.25)3  in  the  usual  way,  the  uncertainty  of  the  a 
place  is  increased. 

Given  the  set  of  9  values  213,  215,213,  210,  212,  214,  215,210,  212. 
The  mean  numerical  error  of  each  value  is  0.25)3.  The  mean  error  of 
the  average  will  be 

5^^=0.08)8,  or  0.83)3'. 
V  9 

The  average  is 

1914 

=  212.666 


9 


which  is  subject  to  a  mean  error  of  0.08)3  in  the  first  place  before 
the  point  or  0.8)3'  in  the  first  decimal  place.     If  we  round  off  to  213, 


1  BEBTRAKDf  Calcol  des  probabiiit^s,  ch.  X,  Paris  1889. 
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we  introduce  an  uncertainty  corresponding  to  a  mean  error  of  0.25)3 
in  the  whole  numbers,  whereas  by  retaining  the  6,  the  uncertainty 
corresponds  to  only  0.08)3  in  the  unit-place  or  to  0.8)8'  in  the  first 
decimal  place,  being  a  gain  corresponding  to  0.17)3.  Rounding 
off  to  212.7  adds  an  uncertainty  of  0.25)3'  in  the  first  decimal  place, 
giving  a  total  of  0.83)3' +  0.25)3'= 1.08)3'  for  that  place  or  0.108)3  for 
unit-place,  being  a  loss  corresponding  to  0.028.  Since  under  any 
circumstances  the  loss  would  have  to  be  0.025)3,  the  writing  of  212.67 
has  practically  no  advantage  over  212.7. 

•The  case  is  different  when  the  uncertainty  of  the  values  is  not  due 
simply  to  the  omission  of  decimal  places.  Let  the  measure  of  the 
uncertainty  of  a  value  x  be  denoted  by  ±  Ax.  Then  the  uncertainty 
of  the  average  of  n  results  will  be  given  by 

±  Aa; 

The  mean  error  is  the  most  convenient  measure  of  uncertainty. 

Under  verv  favorable  conditions  the  record  of  the  Hipp  chrono- 
scope*  is  liable  to  a  mean  error  of  Aa;=1.6^.  The  average  of  9 
records  is  reliable  to  0.5^.  To  obtain  a  result  numerically  precise 
to  1^,  i.  e.  with  a  mean  error  of  0.25^,  it  would  be  necessary  to  have 
36  original  records. 

Thus,  if  a  body,  e.  g.  a  control-hammer,  were  known  to  fall  with 
perfect  constancy,  36  records  with  the  chronoscrope  would  be  re- 
quired to  determine  its  time  of  fall  to  1^. 

Dependence  on  characteristic  variations.  The  result  of  a  set  of 
direct  measurements  is  stated  to  be  -4±(/,  A±:ni  or  -4±r.  The 
quantity  d  is  the  mean  variation  or  mean  error,  m  is  the  mean- 
square-error  and  r  is  the  half  probable  variation  or  probable  error. 
These  characteristic  variations  are  determined  from  the  formulas 

^n(n—\)  \        ^/n—\l 

y  n—\  \       \/n—if 

In  these  formulas  the  signs  ±  have  the  meanings  usually  given 
them  in  works  on  adjustment. 

*  KULPE  and  Kirscumanx,  Kin  neuer  Apparat  zum  Controk  zeifmf^sender  Inatnk- 
mentf,  Phil.  Stud,  1892  VII145. 


m 


On  mean  values  for  direct  measurements,  19 

These  results  indicate  the  range  within  which  any  other  single 
measurement  under  the  same  circumstances  may  be  expected  to  dif- 
fer from  A  with  a  given  degree  of  probability.  Thus,  we  can  wager 
1  to  1  that  a  repetition  of  the  measurement  under  the  same  condi- 
tions will  give  a  result  differing  from  A  by  not  more  than  r. 

In  the  final  statement  of  the  average  it  is  unnecessary  and  mislead- 
ing to  use  more  figures  than  would  be  justified  by  the  characteristic 
variations. 

Thus  if  a  set  of  25  measurements  on  reaction-time  gives  an  average 
of  0.2346  sec.  with  a  probable  error  of  0.012  sec,  the  second  figure, 
3,  of  the  result  is  uncertain  to  the  extent  of  more  than  ±  1  unit.  The 
third  figure,  4,  of  the  result  is  uncertain  to  the  extent  of  ±12  units, 
and  the  last  figure,  6,  to  the  extent  of  ±120  units.  As  figures  when 
rounded-off  are  understood  to  be  uncertain  to  the  extent  of  a  mean 
error  of  ±0.25  unit  in  the  last  place,  the  statement  that  the  result  is 
0.23  sec.  is  somewhat  less  reliable  than  the  figures  themselves  indicate 
and  the  statement  that  the  result  is  0.235  or  0.2346  is  quite  mislead- 
ing. The  usual  method,  whereby  the  average  is  given  to  the  last 
place  justified  by  the  compution,  while  the  amount  of  d^  m  or  r  is  in- 
dependently stated,  is  justifiable  or  not  according  to  the  purpose  in 
hand.  When  the  purpose  is  simply  the  determination  of  an  average, 
there  can  be  no  ground  for  affixing  meaningless  decimal  places  ;  the 
average  should  not  be  stated  further  than  the  first  place  rendered 
insecure  by  the  characteristic  variation. 

Median. 

Median  and  middle  value.  The  median  is  that  value  which  is 
obtained  by  counting  off  an  equal  number  from  each  end  of  the  series 
of  results  arranged  singly  according  to  size.  If  jo„  jt?„  .  .  .,  /?, 
represent  the  relative  frequencies  of  jc,,  x^,  .     .     .,  a?,,  then 

M  x^ 

2" = 2"- 


X. 


M 


The  values  »„  »„  .  .  .,  aj,  have  all  an  equal  influence  in  the 
determination  of  a,.  Each  quantity  x^  is  either  above  or  below  x^  ; 
how  far  above  is  not  regarded.  Those  above  x^  might  be  called  pos- 
itive results  and  those  below  x^  might  be  called  negative.  Thus  we 
might  put 
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«»  a, 

and  r  +  «=/i 

or  r=8=^. 

The  relation  between  JIf  and  x^^  can  be  determined  by  Bebnoulli's 
theorem.     When  fi  is  large, 

with  a  probability  of 
The  values  of  y  are  to  be  determined  from  the  usual  table  for 

•  0 

Computation  of  ths  median.  The  median  is  defined  as  that  value 
which  occupies  the  position  given  by 

2  ~  2 

in  the  series  of  values  ar^,  a;,,  .  .  .,  a*,  taken  in  order  of  size  from 
the  smallest  to  the  largest  and  from  the  largest  to  the  smallest. 

Let  the  number  of  occurrences  of  each  value  of  x  be  denoted  by 
m.,  Wi,  .  .  .,  m^.  The  series  of  differing  values  a,,  a,,  .  .  .,  a;, 
finitely  expressed,  can  be  regarded  as  having  arisen  from  the  series 
»,,  ajj,  .  .  .,  ar,  expressed  each  to  an  infinite  number  of  decimals 
by  rounding-off  all  the  decimals  to  the  a  place.  In  the  a  place  the 
set  aj„  a,,  .  .  .,  »«  will  all  agree  and  can  be  expressed  by  m.  x^ 
Likewise  we  have  the  sets  fw^  aj^,  .     .     .,  m^  ar,. 

When  these  sets  are  arranged  in  order  of  size 

w»a  aJ„  w?4  ajfc,  .     .     .     .,  7W,_,  «,_„  mi  Xi,  w^^,  ar,^.i,  .     .     .,  m,  av 
the  set  containing  the  median  will  be  wi/  Xi  where 

The  set  containing  the  median  is  not  necessarily  the  middle  set. 
The  median  will  be  one  of  the  mi  values  which  have  been  rounded 
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off   to  the  same  valae  Xi,    Each  value  Xi  represents  some  value 
ari±  0.5)3  where  fi  indicates  1  unit  of  the  order  a. 
When 
(w.+»i*+  .     .     .   +Wi_i)  — (»*/fi  +  W/+«+  .     .     .   +m,)  =  — c, 

the  median  value  occupies  a  place  among  the  m^  values  given  by  c 
where 

(w.  +  m4+   .     .     .   H.m,_,)+c  +  — —  =  — — +  (m/+i  +  m,+,+ 

.     .     .   +w,). 

The  median  is  thus  not  the  middle  value  of  the  group  mi  but  of 
the  group  m,— c. 

If  the  whole  interval  from  which  the  values  of  Xi  were  derived  be 
denoted  by  S^  then  the  position  of  M  within  the  interval  S  will  be 
given  by 

M=.xi^-^  S 

If  the  extreme  values  for  Xt  be 

«/=«,— 0.5/3 
a!/'=ir;  + 0.5/3 

where  fi  is  1  unit  of  the  last  place,  then 

I 

M=Xi+-—  P 

2m  I 

For   the   results  given   on   p.  17,   210   is  the   smallest  value,   210 

the  next,  212  the  next,   etc.     As  there  are   9   values,   the  median 

(9  +  1       \ 
---—=5  Uh  value  from  the  smallest;  this  is  213.     The 

largest  value  is  216,  the  next  215,  the  next  214,  etc.     The  5th  from 
the  largest  is  213. 

The  4th  value  from  the  largest  is  also  213<^.  Thus  ar/=213<^,  m/=2, 
c=  +  1  and  )3=1*'.     Consequently 

Jf=2l3''-fiF=213.25''. 

The  following  example  of  calculating  the  median  is  given  by 
Fkchner.*  As  a  historical  interest  is  present,  the  rather  naKve 
method  of  using  decimals  is  left  untouched. 

'^  Take  the  case  where  the  result  runs  as  follows  : 

result I 1^ 2 3 4 5 

number  of  2  5  16  10  7 

denes  it  has  ; 
occurred 


>  Feciiner,   Udber  d.  Ausgangawerth  d.  kleinsten  Abweichungssumme^  Abhandl.  d. 
math.-phys.  CI.  d.  k.  sacha.  Ges.  d.  Wiss.,  1878  XI  1  (19). 
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in  J-  1 

"  The  total  number  n  is  here  40,  and  the  —z—*,  i.  e.  the  20J.  value 

counted  from  either  left  or  right  end  of  the  series  cuts  into  the 
number  16  ;  thus  the  median  is  to  be  sought  by  interpolation  in 
the  series  of  the  16  results  giving  the  value  3,  but  as  the  20th,  not 
as  the  20  Jth.  The  limits  of  this  series  of  3s  are  2.5  and  8.5.  Count- 
ing from  the  left  side  we  have  7  values  up  to  the  limit  2.5  of  the 
series  and  13  more  are  needed  to  make  the  20th  value  which  falls 
among  the  3s  ;  thus  according  to  the  simplest  principle  of  interpola- 
tion we  have  to  take  from  the  limit  2.5  upward  still  ^f =0.8125  of 
this  interval  in  order  to  reach  My  making  Jf=2.5 -1-0.8 125=3.3125. 
Going  from  the  right  hand  end,  we  have  17  values  up  to  the  limit 
8.5  of  the  series,  and  lack  still  3  of  the  20,  which  fall  in  the  series. 
Thus  we  have  to  subtract  from  the  limit  ^=0.1875  of  the  interval 
in  order  to  reach  M^  which  gives  3.5  —  0.1875=3.3125  as  before.^ 

liumerical  error  of  the  median.     The  mean  numerical  error  of  a 
single  value  being  0.25)3,  that  for  m,  values  will  be 

0.25  ^ 


V 


nil 


In  the  foregoing  example  where  m,=2,  the  mean  error  of  the  result 
213<^  is  0.18/3  and  of  the  extended  result  213.3*'  is  1.8)8',  where  )3=1*^ 
and  )3'  =  0.1^. 

As  a  slightly  different  example  take  the  values  44,  51,  46,  60,  47, 

49,  47,  45,  48,  50.     The  median  will  be  the  (     t    r^  ^^  ^^^^  value. 

The  fifth  from  the  smallest  is  47  ;  the  fifth  from  the  largest  is  48  ; 

the  5^th   will  lie  between  the  two.     As  there  is  no  reason  to  prefer 

one  extreme  of  the  interval  48  —  47  to  the  other,  the  simplest  method 

is  to  take  iV=47.5.     The  numerical  uncertainty  of  48  is  represented 

by  a  mean   error  of  0.25)3  ;  that  of  47,  derived  from  two  results  by 

0.25i3 

-^— =0.18i3.     The  mean  error  of  their  sum  will  be 

V  2 

^'(0. 25)' +(0.1 8)^)3=0.3 1)3; 

0.31)3  ^ 

and  of  their  average  ----=0.16^. 

The  numerical  mean  error  for  the  median  in  this  example  is  thus 
0.16)3  for  the  unit-place. 

The  decimal  place,  already  uncertain  by  a  mean  error  of  0.25)3', 
becomes  uncertain  to  the  extent  of  a  mean  error  of  1.85)3'.  Although 
47.5  is  less  uncertain  than  47  or  48,  it  has  nevertheless  quite  a  nu- 
merical uncertainty. 
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The  numerical  uncertainty  of  the  average  of  the  ten  results  would 

0,25B 
be  indicated  by  a  mean  error  of  -^==0,08^  for  the    unit-place 

or  0.8)3'  for  the  first  decimal.  The  median  is  thus  at  a  disadvantage 
numerically. 

As  the  results  gather  more  around  a  middle  value  in  more  accurate 
work,  more  values  will  coincide  with  the  median,  nii  will  become 
larger  and  the  numerical  error  for  a  given  number  of  results  will 
become  less.  The  numerical  error  of  the  average  will  remain  the 
same. 

As  mentioned  on  pages  2  and  17  the  influence  of  if>{x)  on  the 
numerical  error  is  negligible.  Thus  in  calculating  the  numerical 
error  of  the  median,  as  long  as  the  unit  of  number  does  not  exceed 
the  size  of  the  mean  error,  we  can  safely  suppose  the  values  Xj  to 
have  arisen  by  rounding-off  equally  frequent  values  throughout  p, 

Dejyendence  of  accuracy  on  the  number  of  results.  Gauss  has 
deduced  an  expression  for  the  accuracy  of  the  mean  value  of  any 
power  of  a  variation  as  depending  on  the  number  of  variations.* 
With  slight  changes  the  results  can  be  staled  as  follows  on  the  sup- 
position of  (11).     Let  X    be  the   mean  as  determined  from  the  k 

powers  of  the  n  observations.  Then  with  not  too  small  numbers  of 
results  the  probable  uncertainty,  in  the  same  sense  as  the  probable 

0.752  ; 


error,  for  x^z^M  determined   from  x^^y  x^\  ,     .     .,  «„  is  ± 


Vn  —  l 


for  x^=iA  determined  from  x^\  x^\  ,     .     .,  x^^  it  is  ±-  -— ^:=  . 

V*— 1 
Other  things  being  equal,  it  is  necessary  to  take  249  observations 

to  gain  the  same  accuracy  for  the  median  as  is  given  by  114  obser- 
vations for  the  average. 

Dependence  on  characteristic  variations.  As  noted  on  p.  ?  the 
median  is  that  representative  value  which  corresponds  to  a  minimum 
for  the  sum  of  the  absolute  values  of  the  first  powers  of  the  varia- 
tions. The  mean  variation  from  the  median  will  bear  to  the  median 
a  relation  similar  to  that  which  the  mean-square-error  bears  to  the 
arithmetic  mean.     The  median  will  thus  be  stated  as 

M±a,  3f±l  or  M±s,  where 


^  Gauss,  Bestimmung  d.    Crtnnuigke.it  d.  Jkohachtutigen,  Zt.  f.  Aair.,   1816  I  185; 
Werke,  IV  109. 

LiPSCiUTZ,  Sur  la  combinaison  des  observations^  C.  R.  Acad.  Paris,  1890  CXI  163. 
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Vw(w—1)\       Vw  — 1/ 


«  =  0.674  I 

The  number  of  significant  figures  to  be  retained  in  stating  the 
median  is  regulated  in  the  same  way  as  for  the  average.  For  the 
example  given  on  p.  17,  the  median  is  calculated  to  be  213.3^  ;  the 
mean  variation  is  1.6^.  The  last  figure  is  uncertain  by  at  least  1.6*^ 
and  cannot  justifiably  be  used  for  final  statement.  £ven  the  last 
figure  in  213^  is  slightly  uncertain. 

In  Fechneb's  example  on  p.  21  the  mean  variation  is  1.14.  This 
makes  even  the  whole  number  3  rather  uncertain  and  for  final  state- 
ment renders  utterly  valueless  the  four-place  decimal. 

In  the  example  given  on  p.  22,  the  mean  variation  of  the  individual 
results  from  the  median  is  2.0.  Whence  it  follows  that  for  the  mere 
statement  of  a  representative  result,  the  decimal  place  is  totally 
worthless  and  even  the  unit-place  is  unreliable.  The  mean  variation 
from  the  average  47.7  is  also  2.0.  The  conclusion  is  the  same.  Thus 
the  average  in  a  case  of  this  kind  has  no  advantage  whatever. 

As  the  mean  variation  becomes  less,  owing  to  better  agreement  of 
the  results,  the  numerical  mean  error  of  the  median  will  also 
decrease,  whereas  that  of  the  average  will  remain  the  same.  Thus 
the  numerical  advantage  of  the  average  is  valueless,  for  a  final  state- 
ment, when  the  mean  variation  is  large,  and  this  advantage  itself  is 
lost  as  the  mean  variation  decreases. 

The  labor  of  obtaining  the  extra  decimal  is  thus  not  justified  when 
the  results  disagree  to  such  an  extent.  By  a  preliminary  estimate  or 
computation  or  by  a  cursory  glance  at  the  values  themselves  it  is 
generally  possible  to  determine  the  number  of  places  required  and 
thus  to  adjust  the  amount  of  the  labor  to  the  worth  of  the  result. 

In  the  consideration  of  the  characteristic  variations  both  for  the 
median  and  for  the  average,  I  have,  for  the  sake  of  using  Oauss's 
deductions,  made  the  supposition  that  the  law  of  error  is 

<l>{v)=-;^e  .  (11) 

Labor  of  comjyutation.  There  is  one  important  property  of  the 
median  which  can  be  understood  only  after  practical  acquaintanoe 
with  it,  namely,  its  economy.     Suppose  the  original  results  of  the 
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example  already  used  to  be  set  down  in  a  line  or  a  colamn:  213,  215, 
213,  210,  212,  214,  215,  210,  212.  Let  the  higher  numbers  be 
marked  off  successively  by  a  small  check,  thus  2l5,  till  5  have  been 
checked.  This  is  the  median.  After  a  little  practice  this  can  be 
done  for  10  or  25  values  with  unexpected  rapidity.  The  result  is 
rapidly  verified  by  checking  off  the  numbers  from  the  smallest 
upward.  The  determination  of  the  average  requires  the  addition 
of  9  figures  and  the  division  of  the  result  by  9.  Even  in  this 
example  where  the  first  two  figures  can  be  neglected  and  the  whole 
work  can  be  done  mentally,  yet  the  time  required  is  much  longer. 

In  all  examples  mentioned,  owing  to  the  size  of  the  mean  variation 
there  would  have  been  no  gain  in  computing  the  average,  whereas 
the  additional  labor  would  have  been  a  decided  loss.  When  it  is 
remembered  that  saving  in  labor  in  computation  means  additional 
opportunity  for  obtaining  results,  it  is  justifiable  to  claim  that  the 
most  economical  method  of  computation  should  be  employed. 

In  the  typical  examples  given  the  additional  uncertainty  of  the 
median  is  negligible  in  comparison  with  the  characteristic  variations. 
When  this  is  not  the  case,  it  is  a  question  whether  to  obtain  double 
the  number  of  results  for  the  median  or  to  perform  the  additional 
computation  required  by  the  average,  in  order  to  obtain  the  mean 
with  a  given  precision. 

Median  error.  On  the  assumption  of  (11)  the  probable  error 
should  be  nearly  the  same  whether  determined  by  Bessbl's  formula 


*  ^  n  — 1 


or  by  Peters's  formula 


r,= 0.845 


\/^n(n  —  l) 


or  by  counting  off  in  order  of  size  till  the  middle  error  is  reached. 
The  probable  error  is  thus  in  the  last  case  the  median  error.  In  the 
same  way  that  the  mean  error  for  the  median  corresponds  to  the 
mean-square-error  for  the  average,  so  the  median  error  for  the 
median  would  correspond  to  the  mean  error  for  the  average.  In  a 
similar  manner  the  median  error  for  the  median  can  be  compared 
with  the  probable  error  for  the  median,  in  order  to  test  the  validity 
of  the  assumption  mentioned. 

Other  discussions  on  the  median.     In  addition  to  the  productions 
cited  elsewhere,  several  other  articles  containing  accounts  of  or  refer- 
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ences  to  the  median  have  been  consulted.  Those  whose  titles  I  have 
noted  down  are  by  Cournot,'  Edgeworth,'  Turner,*  Scripture,* 
Venn.* 

Weight   and  influence. 

In  forming  a  direct  average  each  measurement  in  a  given  set  of  n 
measurements  has  an  influence  of 

a*                a*  a* 

/•— ll  .     f 12  .  .   /• "ll 

7l  H  fl 

on  the  result.  The  influence  of  a  quantity  is  thus  directly  propor- 
tional to  its  numerical  value.  The  numerical  values  a?,,  a;,,  .  .  .,  ar, 
can  thus  be  called  the  relative  influences  of  the  1,  2,  .  .  .,  nth 
measurements. 

In  combining  results  from  different  sets  of  measurements  it  is  not 
always  desirable  for  them  to  influence  the  average  in  direct  propor- 
tion to  their  face-values.  This  has  led  to  the  use  of  a  system  of 
multipliers,  called  weights,  by  which  the  influence  of  a  quantity  is 
modified.  The  various  results  are  each  multiplied  by  a  coeflScient 
PitPv  •  •  '9  Pm  such  that  2/>=w.  The  average  of  the  weighted 
results  will  be  the  *'  weighted  mean," 

^  ''         Pi  +/>,  4-  .     .     .    -hpn  ^    ' 

The  fact  that  in  concrete  cases  2;>  is  not  equal  to  n  arises  from  a 
tacit  division  of  both  numerator  in  (14)  by  the  same  number. 
The  weighted  mean  agrees  with  the  direct  mean  only  when 

Px=P,—    •       •       •     =Pn'  (16) 

It  is  a  very  natural  step  to  apply  this  concept  to  individual  meas- 
urements ;  some  measurements  are  naturally  better  than  others. 
But  when  all  measurements  have  been  made  apparently  with  equal 
care  and  there  is  no  reason  to  prefer  one  to  another,  it  may  be  said 
that  there  is  no  a  priori  reason  for  weighting  one  different  from 

*  CouRXOT,  Exi)Oi»ition  de  la  th6oric  des  chances  et  des  probalnlit^s,  120,  Paris  1843. 
'  Edgkwortii,  On  discordant  observations,  Phil.  Mag.,  1887  (5)  XXIII  364. 

Kdgewortii,  XtfW  method  of  reducing  observations,  Phil.  Map:.,  1887  (6)  XXIV  222. 
P^DGEWORTH,  Empirical  proof  of  the  lav^  of  error,  Phil  Mag,  1887  (5)  XXIV  330. 
ED(iE WORTH,  Discussion  on  Dr.  X ESS' s  paper,  Jour.  Roy.  Stati-st  Soc.  LoDcL,  1891 
LIV  453. 

*  Turner,  On  Air.  P^dgeworth's  method  of  rrducing  observations,  Phil.  Mag.,  1887  (6) 
XXIV  466. 

*  ScRn»TURE,  On  the  adjustment  of  simple  psychological  mefMurements,  Psych.  Rey., 
1894  I  281. 

^  Venn,  On  averages,  Jour.  Roy.  Statist.  See.  Lond  ,1891  LIV  429. 
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another.  The  simplest  assumption  is  the  purely  arbitrary  one  that 
all  are  of  equal  weight. 

This  gives  a  very  good  result  if  the  values  of  x  run  along  very 
regularly  and  close  together.  No  dissatisfaction  is  felt  as  long  as 
the  individual  variations  fall  within  the  limits. 

or» 

V,  <  (1) 
where 

Vt=Xt--A,     (A;=],2,  .     .     ,y  7i),  (16) 

/  not  being  considered  a  large  quantity.  But  if  some  very  large 
value  X,  occurs  so  that 

(".)>  (0, 

the  natural  supposition  is  that  x,  is  not  so  reliable  as  the  other  values 
of  X.  Sometimes  it  is  rejected,  i.  e.  the  weight  />^=0  is  attached  to 
it  while />,=/>,=  .  .  .  =/?,_,=/>,+,=:  .  .  .  =/>„=l.  Sometimes  it  re- 
ceives a  weight  />^=i,  or  Pr=^i,  while  the  others  receive  jt?=l,  in  a 
purely  arbitrary  fashion. 

To  know  when  to  reject  values  it  is  necessary  to  assign  some  value 
to  I.  This  has  led  to  various  criteria  for  rejection,  the  best  known 
of  which  are  those  of  Peirck,'  Chauvenet'  and  Stone.* 

*  (z)  is  used  for  abs  x,  or  x  taken  without  regard  to  sign. 

*  Peirce,  Critet'ion  for  the  refection  of  doubtful  observations,  Astr.  Jour.  (Gould),  1852 
II  161. 

Gould,  Report  .  .  .  containing  directions  and  tables  for  the  use  of  Peirce's 
criterion,  U.  S.  Coast  Surv.,  Kept.  1854,  131» 

Gould,  On  Peibce's  criterion  for  the  rejection  of  doubtful  observations,  with  tables^ 
Aatr.  Jour.  (Gould),  1855  IV  81. 

Airy,  Letter  from  .  .  .  [remarks  on  Peirce's  criterion],  Astr.  Jour.  (Gould), 
1856  IV  137. 

WiKLOCK,  On  Prof.  Airt's  objection  to  Peirce's  criterion,  Astr.  Jour.  (Gould),  1856 
IV  145. 

Xewcomb,  a  generalized  theory  of  the  combination  of  observations  so  as  to  obtain  the 
best  results.  Am.  /our.  Math  ,  1886  VIII  343.  (The  note  on  p.  344  contains  two  strik- 
ing deductions ) 

'  Chauveket,  Manual  of  Spherical  and  Practical  Astronomy,  664,  Phila.  1864. 

*  Stone,  On  the  refection  of  discordant  observations,  Month.  Not.   Roy.  Astr.  Soc 
Lond,  1868  XXVIII  165. 

Glaisher,  On  the  refection  of  discordant  observations,  Month.  Not.  Roy.  Astr.  Soc. 
Lond.,  1873  XXXIII  391. 

Stone,  On  the  refection  of  discordant  observations,  Month.  Not.  Roy.  Astr.  Soc 
Lond.,  1873  XXXIV  9. 

Glaisher,  Note  on  a  paper  by  Mr.  Stone  .  .  .  ,  Month.  Not.  Roy.  Astr.  Soc. 
Lond.,  1874  XXXIV  251. 

Stoxe,  Note  on  a  discussion  .  .  .  ,  Month.  Not.  Roy.  Astr.  Soc.  Lond.,  1875 
XXXV  107. 
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The  criteria  for  rejection  have  never  proven  satisfactory.  The 
general  sentiment  seems  to  be  that  the  rejection  of  an  honestly  made 
observation  simply  because  it  differs  largely  from  the  expected  value 
amounts  to  an  attempt  to  make  the  work  appear  more  accurate  than 
it  is.*  The  rejection  of  observations  by  calculation  of  the  average 
first  with  it  and  then  without  it,  is  said  to  be  like  what  happens  in 
war  when  two  detachments  of  the  same  army  meet  in  the  dark  and 
fire  into  each  other,  each  supposing  the  other  to  belong  to  the  com- 
mon enemy.* 

The  very  questionable  justification  for  any  rejection  of  results  on 
account  of  their  divergence  has  led  to  various  systems  of  weights.* 
The  main  objections  to  these  systems  are  1.  the  assumption  of  the 
validity  of  Simpson's  law*  <^(— t»4)=<^(4-U4),  where  r*  is  defined  as  in 
(16)  and  <f>  indicates  the  relative  number  of  times  of  occurrence  of  tj^; 
2.  the  labor  of  computation  which  is  often  out  of  all  proportion  to 
the  gain.* 

The  rejection  of  observations  has  been  a  troublesome  question  for 
psychologists.  The  results  did  not  agree  and  absolutely  refused  to 
group  themselves  around  the  arithmetical  mean.  It  was  not  a  ques- 
tion of  a  single  result  differing  from  all  the  rest  but  of  several  results 
tending  toward  an  extreme  value.  This  led  to  a  process  of  wholesale 
rejection*  which  reached  a  crisis  in  giving  double  sets  of  results,  once 


^  Hali^  Orbit  of  lapetua,  40,   Astr.  and  Meteor.  Obs.  for  1882,  U.  S.  Naval  Obs», 
App.  I.,  Wash.  1885. 

Newcomb,  a  generalized  theory  of  the  c(m\bination  of  observations  ao  as  to  obtain  the 
best  result,  Am.  Jour.  Math.,  1886  VIII  343  (345). 

Fa  YE,  Sur  certains  points  de  la  theorie  des  erreurs  accidentelles^  C.  R.  Acad.  Sd. 
Paris,  1888  CVI  783. 

'  DoOLiTTLE,  The  rejection  of  doubtful  observations,  Wash.  Bull.  Philoa.  Soc.,   1 884 
VI  152,  in  SmithsoniHU  Misc.  Coll.,  1888  XXXIII. 

'  De  Morgan,  Theory  of  probability,  Eucyc.  Motroi>ol.,  II  456,  Lond.  1847. 
Glaisiier,  On  tht  law  of  facility  of  errors  of  observation  and  on  the  method  ofletut 
squwe^s,  Mem.  Roy.  Astr.  Soc.  Lond.,  1871  XXXIX  Ft.  I.  75  (103)- 

Newcomb,  a  generalized  theory  of  the  combination  of  observations  so  as  to  obtain  the 
best  result,  Am.  Jour.  Math.,  188G  VIII  343. 

Smith,  True  average  of  observatums,  Jfaturo,  1888  XXXVII  464. 
^  Simpson'.  An  attempt  to  show  the  advantage  arising  by  taking  the  mean^  Misc.  Tracts, 
64,  Lond.  1757. 

»  Edgewortii,  Choice  of  means,  Phil.  Majr ,  1887  (5)  XXIV  268  (271). 
•  Exner,  Exper.  Unt^rsuch.  d.  einfaclisten  psych.  Processe,  Arch.  f.  d.  ges.  PhypioL 
(Pfliiger),  1873  VII  601  (613). 

V.  Kries  and  Auerbacii,  Die  ZeUdau^r  einfachster  psychis':her  Vorgdngt^  Arch.  f. 
Physiol.  (Du  Bois-Reyraond),  1877  297  (307). 
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withoat  rejection  and  then  with  rejection,'  and  found  its  reductio  ad 
adsurdum  in  making  experiments  in  sets  of  25  of  which  20  were 
selected  for  the  calculation  of  the  average.' 

All  this  has  made  it  evident  that,  even  if  the  arithmetic  mean  of 
the  observations  is  justifiable  in  the  physical  sciences,  it  is  not 
a  priori  the  best  representative  value  for  psychological  measure- 
ments. 

The  trouble  lies  in  the  fact  that,  because  the  average  is  the  most 
plausible  representative  for  certain  kinds  of  differing  quantities,  it 
has  been  treated  as  the  best  one  in  all  cases.'  In  the  use  of  the 
average  each  individual  quantity  influences  the  result  in  direct  pro- 
portion to  its  numerical  value.     The  value  Xi  =  a  contributes  to  the 

a    , 
result  T  times  as  much  as  the  value  Xt=b,     This  is  unquestionably 

the  correct  method  to  pursue  when  the  individuality  of  the  quantity 
is  of  no  account.  If  r  cubic  meters  of  soil  must  be  removed  for  a 
railroad-cut,  it  makes  little  difference  just  how  much  each  particular 
car  of  a  train  carries,  provided  the  average  is  satisfactory.  Each 
car  counts  not  merely  as  an  overloaded  or  an  underloaded  car,  but  as 
overloaded  or  underloaded  to  a  definite  extent. 

This  is  not  the  case  in  most  measurements.  The  measurements 
tend  to  group  themselves  around  some  mean  value,  and  when  a 
widely  different  value  occurs  it  is  looked  upon  with  distrust.  To 
use  it  in  an  average  is  to  make  it  count,  not  as  one  single  value 
above  or  below  the  mean,  but  as  an  individual  counting  for  every 
unit  of  divergence.  The  more  it  differs,  the  more  it  counts.*  For 
example,  in  a  set  of  values  3,  4,  2,  2,  3,  10,  it  is  evident  from  mere 
inspection  that  the  grouping  is  around  3.  The  average  is  4,  because 
the  one  extreme  value  10  contributed  to  the  formation  of  the  aver- 
age as  much  as  the  four  values  3,  2,  2,  3  put  together.  If  we  had  15 
instead  of  10,  the  influence  of  this  extreme  value  would  have  been 
more  than  that  of  all  the  rest.  In  the  particular  case  of  measurements 
the  more  a  value  differs  from  the  rest,  the  less  we  think  of  it ;  if  it 

*  Bbroer,  Ueber  d,  Einfluss  der  Reizatdrke  auf  d.  Dauer  einfacher  psych.  Vorgangey 
Phil.  Stud.,  1886  IH  38  (61). 

Cattbll,  Psychometrische  Untersuchungeny  Phil.  Stud,  1886  III  305  (317). 
'  Jastbow,  Studies  from  the  Univ.  of  Wisconsin.  Am.  Jour.  Psych  ,  1892  IV  382  (413). 
■  De  Morgan,  On  the  theory  of  errors  of  observation^  Trans.  Camb.  Phil.  Soc,  X 
409(416). 

Venn,  On  averages^  Jour.  Roy.  Statist.  Soc.  Lond.,  1891  LIV  429. 

*  BowDiTOH,  Note  to  Laplace's  M^nique  celeste,  translated,  vol.  II,  434,  Boston 
1832. 
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differs  too  much,  we  think  so  little  of  it  that  we  are  tempted  to  throw 
it  out  altogether. 

Instead  of  allowing  the  individual  result  to  have  an  influence  pro- 
portional to  its  value,  why  not  let  it  enter  into  the  formation  of  the 
mean  as  one  individual  differing  from  the  mean  regardless  of  the 
amount  of  the  difference  ? 

Thus,  if  the  graduating  class  in  college  happens  to  contain  one 
very  tall  man,  the  average  height  will  be  greater  than  the  averages 
for  other  years.  The  tall  man  contributes  to  the  repi'esentative 
value  not  simply  as  one  man  but  with  the  influence  of  several  men. 

It  would  seem  more  natural  that  each  individual  should  influence 
the  representative  value  merely  as  one  individual  If  all  the  men 
were  placed  in  order  of  height,  the  most  natural  representative  would 
be  the  man  in  the  middle,  or  the  man  who  would  be  determined  by 
counting  off  an  equal  number  of  individuals  from  both  extremes. 
This  is  equivalent  to  determining  M  by  the  formula  on  p.  20;  and 
the  height  of  this  middle  man  is  the  median  height  If  there  hap- 
pens to  be  a  very  tall  man  among  them,  a  few  millimeters  more  or  less 
in  his  height  will  make  a  difference  in  the  average,  but  as  long  as  he 
remains  taller  than  the  middle  man  the  median  will  remain  the  same. 

Let  the  set  of  results  be  indicated  by  a/,  x^,  .  .  .,  x^^  where 
these  letters  are  used  merely  as  symbols  for  single  quantities. 
Thus,  if  the  measurements  are  the  heights  of  a  set  of  individuals,  x* 
will  designate  a  certain  individual ;  if  they  are  observations,  each 
will  designate  an  observation.  In  taking  the  average,  we  influence 
each  individual  quantity  with  a  number  indicating  its  numerical 
value.     Thus 

n  n 

But  let  a  tall  man  count  as  only  one  tall  man  regardless  of  just 
how  tall  he  is,  provided  he  is  above  the  mean,  and  let  a  short  man 
count  likewise  as  one  man.  Since  tall  and  short  are  only  relative 
terms,  there  must  be  some  value  above  which  all  the  men  are  to  be 
called  tall  and  below  which  they  are  to  be  called  short.  This  is  the 
value  that  we  have  called  the  middle  value.  Each  individual  counts 
as  one  unit.     In  general  terms, 

Each  value  thus  has  the  same  influence. 

The  influence  of  an  individual  measurement  can  be  defined  as  itfl 
relative  effect  in  the  formation  of  the  mean;  its  weight  is  an  arbi- 
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trary  maltiplier  prefixed  to  its  numerical  value.  The  influence  of  a 
measurement  in  taking  an  average  is  thus  the  product  of  its  numeri- 
cal value  by  its  weight. 

The  general  formula  (14)  for  the  weighted  mean  becomes  in  the 
notation  just  used, 

The  supposition  of 

has,  as  just  noted,  not  pi*oved  satisfactory,  extreme  values  being  less 
trustworthy  than  moderate  ones. 

It  has  been  proposed,  as  an  assumption  more-satisfactory  than  (17), 
that  each  quantity  be  weighted  inversely  as  its  numerical  difference 
from  the  average,  whereby  a  corrected  average  will  be  obtained.' 

Let 

V4=a?^— .4,     (Ar=l,  2, .    .    .,  n), 

then  take  —  as  the  weight  of  x^  whereby 

1  1  1 

-iP.  +  — ir  +  .  .  .  +  — a-, 

-  +  -+    .    .    .    +- 

Since  the  average  differs  from  the  centroid  on  account  of  n<^  oo,  this 
corrected  average  Ai  may  be  treated  to  a  still  further  correction  in 
the  same  way.  This  process,  when  repeated  tends  to  one  of  the 
given  measurements  as  the  mean.^ 

What  is  here  approached  in  a  way  so  awkward  as  to  preclude  any 
but  a  theoretical  interest,  can  be  very  simply  stated. 

Let  each  quantity  have  a  weight  inversely  proportional  to  its 
difference  from  the  middle  value.  The  centroid  of  a  series  of  obser- 
vations thus  weighted  will  coincide  with  the  middle  value  within  the 
limits  of  error  necessitated  by  w<^  oo. 


' ,  Dissertation  sur  la  recherche  du  milieu  le  plus  probabk,  AnnalcH  do  math. 

(Gergonne),  1821  XII  J81. 

De  Morgan,  Theory  of  proh.^  Encycl.  Motroix)!.,  II  440,  Lond.  1847. 
Glaisher,  On  the  rejection  of  discordant  observations,  Month.  Not.  Roy.  Aatr.  Soc. 
Lond.,  1873  XXXIII  391. 

Stone,  On  the  refection  of  discoi'dant  observations,  Month.  Not.  Roy.   Astr.   Soc. 
Lend.,  1873  XXXIV  9. 

*  Gergonne,  Note,  Annales  de  math.  (Gergonno),  1821  XII  204. 
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The  case  will  be  represented  by  a  rod  withoat  weight  having  on 
it  a  number  of  particles  »„  «,,  .  .  .,  ar^  with  masses  inversely  pro- 
portional to  their  distance  from  the  point  of  suspension.  The  dis- 
tance of  any  particle  from  the  point  of  suspension  a  is  x—a]  its 

weight  is  ;  its  moment  is  1.     The  point  on  which  the  rod  will 

balance  is  thus  determined  by  the  condition  that  there  shall  be  an 
equal  number  of  particles  on  each  side.*  The  center  of  gravity  of 
this  system  of  particles  will  thus  be  its  middle  particle  for  an  uneven 
number,  or  a  point  between  the  two  middle  ones  for  an  even  number. 


-«^ 
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Fig.  4. 

For  a  continuous  mass  governed  by  the  same  law,  the  centre  of 
gravity  x^  and  the  middle  value  x^  coincide. 

From  these  considerations  regarding  influence  and  weight  the 
following  conclusions  can  be  drawn : 

The  median  represents  the  scries  of  quantities  in  such  a  way  that 
each  quantity  has  an  influence  of  unity. 

The  average  represents  the  series  of  quantities  in  such  a  way  that 
each  quantity  has  an  influence  directly  proportional  to  its  numerical 
value. 

The  median  is  equal  to  the  weighted  mean  where  the  weights  are 
inversely  proportional  to  the  differences  of  the  values  from  the  mean. 

The  average  is  equal  to  the  weighted  mean  where  the  weights  are 
equal. 

Choice  op  means. 

The  selection  of  representative  values  may  take  place  under  three 
different  conditions:  I.  the  results  raav  be  so  numerous  that  the 
empirical  frequency  cui've  can  be  used  as  the  probability  curve; 

II.  the  results  are  few  but  the  form  of  4t(x)  has  been  determined; 

III.  the  results  are  few  and  if>(x)  is  unknown. 

I.  Niimerous  results.  The  fundamental  difference  between  statis- 
tics and  ordinary  measurements  lies  in  the  number  of  measurements 
executed.     Although  the  passage  from  one  class  to  another  is  grad- 


*  Wn^ON,  Kvt^  on  a  special  case  of  the  most  probable  result  of  a  nu7nher  of  obaerva- 
tions,  Month.  Not  Roj.  Astr.  Soc.  Lond.,  1878  XXXVIII  81. 
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ual,  we  can  confine  ourselves  here  to  the  extreme  cases.  When  the 
results  are  so  numerous  that  the  curve  of  frequency  can  be  plotted 
and  can  be  regarded  as  identical  with  the  curve  of  probability,  every 
value  for  x  and  ^(x)  is  assumed  as  known.  The  representative  values 
can  be  calculated  from  the  formulas  : 
for  the  centroid 


for  the  median 


and  for  «* 


X,  x^=M 

—  V, 


dx 
where  d^if>{x)/dx''  is  — . 

It  is  to  be  noted  that  there  is  often  more  than  one  value  for  x^. 

The  allowable  difference  between  the  actual  frequency  —  and  the 

probability  il>{x)dx  for  each  value  of  x  can  be  determined  by  Ber- 
noulli's theorem. 

When  the  object  of  the  statistical  measurements  is  merely  the 
determination  of  the  objects  measured  under  a  single  set  of  conditions, 
the  result  is  generally  presented  in  the  form  of  a  curve  of  frequency; 
thus,  all  values  and  their  weights  being  given,  there  is  no  need  of  a 
selection  of  any  representative  value.  In  scientific  work,  however, 
the  purpose  is  generally  to  determine  the  change  in  the  results  as 
dependent  on  a  change  of  conditions  ;  and  the  observed  value  is 
treated  as  a  function  of  one  of  the  conditionn.  Given  x=f(z)  to 
determine  x  for  each  value  of  z  where  the  measurements  for  each 
value  of  X  are  numerous.  Such  an  example  would  be  furnished  by 
measuring  10  000  persons  each  year  to  determine  the  law  of  depen- 
dence of  height  on  age.  Although  the  curve  of  frequency  of  heights 
at  each  year  could  be  made  out,  still,  aside  from  the  impracticability 
of  so  much  labor  in  most  cases,  it  would  be  impossible  to  give  any 
intelligible  expression  to  the  law  of  relation.  Some  representative 
value  or  values  must  be  picked  out  for  each  step  of  the  change. 
Owing  to  the  fact  that  ccr,  ««,  and  x^  almost  never  coincide,  it  is  very 

desirable  that  all  three  shall  be  given.     There  will  thus  be  three 


curves, 


8 
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The  changes  in  relative  position  of  these  values  indicate  changes  in 
the  character  of  the  quantity  measured.* 

II.  Results  not  numerous  but  <f>{x)  known.  The  law  of  freqnency 
can  be  considered  to  be  known  :  1.  when  numerous  results  have 
been  taken  on  previous  occasions  under  the  same  circumstances 
whereby  the  law  of  frequency  has  been  determined  with  the  requi- 
site accuracy  ;  2.  when  a  knowledge  of  the  circumstances  indicates 
what  the  law  must  be. 

In  this  connection  it  may  be  well  to  call  attention  to  the  fact  that 
the  statement  of  the  law  of  error  as 

rests  (a)  on  the  assumption  that  the  average  is  the  most  prob- 
able value,  {b)  on  the  assumption  that  experience  bas  shown  such 
a  law  to  be  true,  {c)  on  the  fact  that  it  is  the  limiting  form  for  com- 
binations of  symmetrical  frequency  curves,  or  {d)  on  the  simplicity 
of  treatment  thereby  rendered  possible.  I  have  already  pointed 
out  that  Gauss  clearly  recognized  and  distinctly  stated*  (a)  as  an 
assumption,  and  that  long  experience  has  shown  (b)  not  to  be  strictly 
justiliable.  This  law  of  error  has  done  probably  better  service  in 
astronomy  than  any  other  could  have  done  and  long  familiarity  with 
both  assumptions  has  made  them  appear  almost  as  axioms.  Weix- 
STKix,'  wlio  is  careful  to  call  attention  to  the  fact  that  the  assumption 
{(()  is  not  an  axiom,  is  mistaken  in  asserting  that  Gauss  regarded  it 
as  such.  Wkinsteix  is  also  mistaken  in  supposing  that  Schiapab- 
ELLi*  attempted  to  prove  analytically  that  the  average  is  the  most 
probable  result.  Schiaparelli  showed  that  under  certain  assump- 
tions the  average  is  the  most  plausible  mean,  and  stated  that  it  be- 
comes the  most  probable  mean  only  when  (11)  is  the  law  of  error. 

According  to  Fkrkero^  the  utmost  defence  of  the  use  of  the  arith- 
metic mean  for  all  cases  is  that,  when  the  observations  are  closely, 
grouped,    no   mean    will    differ    much    from   the   arithmetic   mean. 

Apparently  still  more  axiomatic  is  the  law  <^(  — y)=<^(-fi>).     By 


*  BowDircH,  Growth  of  children,  XXIl  Annual  Kept.  Ma?s.  Slate  Board  of  Health. 
470  (495),  Boston  IbOl. 

*  Gauss,  Thcoriu  niotns  corp.  c(fl.,  II,  3,  177. 

*  Wkin'stein',  Phy.-jikalischo  Maassberftinnnnnjj:en,  I  46,  Berlin  1886. 

*  SciiiAPAnELLi,    Snr  Ui  priiicipe  d*;  hi   moj/ffnue  arithmelique,  Astr.  Nachr.,  1876 
LXXXVII  55. 

*  Feurero,    Kaposizione  del  nieto'lo  dei  niiuininii  quadrati,  Firenzo  1876.     (I  take 
the  statement  from  a  review  by  Peiuce,  Am.  Jour.  Math.,  1878  I  59.) 
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most  writers  it  is  so  regarded.  Nevertheless  Gauss  makes  the 
statement  purely  as -a  hypothesis*  and  Laplace  gives  a  special  para- 
grapli  to  the  consideration  of  unsymmetrical  facility.' 

Even  if  not  assumed  as  an  axiom  the  law  is  almost  universally  sup- 
posed to  have  been  verified  by  experience.  It  is  not  in  place  here  to 
consider  whether  it  has  been  verified  for  astronomical  measure- 
ments or  not.'  It  has  not  been  verified  for  ps3''chological  measure- 
ments. Since  the  errors  of  observation  in  astronomy  are  in  part 
due  to  psychological  causes,  it  seems  likely  that  all  astronomical 

« 

records  involving  an  observer  would  show  some  assymmetry. 

The  assumption,  without  proof,  that  this  law  always  holds  good 
and  that  all  cases  of  assymmetry  are  cases  of  constant  or  systematic 
error,  is  purely  arbitrary. 

It  is  thus  evident  that  many  of  the  cases,  supposed  to  belong  in 
this  section,  really  belong  to  the  following  one  where  <^(./*)  is  unknown. 

According  as  <l>{x)  is  (A.)  symmetrical  or  (B.)  assymmetrical  the 
treatment  of  the  results  and  the  selection  of  the  representative  value 
will  be  different. 

A.  Symmetrical  results.  When  the  curve  of  frequency  is  symmet- 
rical, the  ordinate  of  middle  area  and  the  ordinate  of  the  centroid 
will  be  the  axis  of  symmetry.*     Thus  jr^zizx^  and  Jf=A  within  the 

s 

allowable  limits  of  error  corresponding  to  the  required  certainty. 

If,  according  to  usual  experience,  the  extreme  values  occur  less  fre- 
quently than  those  between  the  extremes,  i^^  will  in  general  be  the 
same  as  jr^  and  a?r,  and  will  be  represented  by  J/ and  A,  The  curve 
of  probability  may,  however,  have  several  maxima,  none  of  which 
mav  fall  at  «•«.* 

In  a  general  fashion  the  law  of  frequency  for  physical,  geodetical 
and  astronomical  measurements  has  been  found  to  resemble  (11). 
This  law  was  not,  however,  originally  establislu'd  on  the  basis  of  expe- 
rience, but  was  deduced  as  a  necessary  result  of  the  arbitrary  assump- 
tion that  A  is  the  most  probable  value.* 

Although  it  has  been  approximately  verified  on  many  occasions,  a 
closer  examination  shows  considerable  disagreement  in  the  assymmet- 

^  (Iauss,  Thcoria  combination  is  obpervjitionuni,  I,  5. 

«  Laplace,  Th^rio  analyt  d.  pn)^.,  3.  ed.,  320,  Paris  1820. 

•  De  Forest,    On  an  unsymrnetricnl  probahUity  curve.  Analyst  1882  IX  135,  142; 
1883  X  1,  67  (71). 

*  De  Forest,  On  unayjnmetrkal  adjustments  and  their  limits,  Analyst,  1880  XU  1. 

*  Edgeworth,  Observations  and  statistics,  Trans.  Camb.  Phil.  Soc,  XIV  138  (161). 

•  Gauss,  Theoria  motus  corp.  cocl.,  II,  3,  177. 
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rical  position  of  x^  and  in  the  undue  number  of  extreme  values. 
Newcomb  even  concludes  that  cases  where  it  is  fully  valid  are  excep- 
tional.* 

In  any  case  of  symmetry,  whether  (11)  is  valid  or  not,  the  median 
and  the  average  ynW  be  theoretically  the  same. 

Since  the  number  of  results  is  small  and  since  according  to  the 
principles  of  probability  it  is  seldom  likely  that  in  a  small  set  of 
measurements  the  values  will  be  actually  symmetrical,  the  median 
^nd  the  average  will  frequently  differ  within  the  limits  consistent 
with  theoretical  symmetry.  For  facility  curves  of  the  ordinary 
exponential  form  the  average  is  most  advantageous*  as  giving  a 
smaller  probable  and  a  smaller  huge  error;*  for  curves  very  high  in 
the  center  and  widely  extended  at  the  extremes  the  median  has  the 
advantage  for  the  same  reasons.^  In  neither  case  is  the  advantage 
a  great  one  ;  in  fact,  when  the  ordinary  law  of  probability  is 
assumed,  it  is  practically  indifferent  which  is  used.* 

It  is  noteworthy  that  De  Fokest  apparently  proves  that,  on  the 
supposition  of  a  symmetrical  probability-curve,  the  influence  of  the 
smallness  of  the  number  of  results  renders  a  symmetrical  adjustment 
of  the  mean  less  probable  than  an  unsymmetrical  one.* 

B.  Assymrnetrical  results.  When  the  law  of  frequency  is  not 
symmetrical,  the  vaules  x^  and  Xc  can  correspond  only  in  those  cases 
where  the  centre  of  area  falls  on  the  centroid  by  some  peculiar 
formation  of  the  curve.  Such  cases,  if  they  ever  actually  occur, 
are  to  be  treated  as  cases  of  symmetry. 

In  nearly  all  psychological  and  statistical  measurements  the  curve 
of  probability  is  assymmetrical.  If  the  abscissa  of  maximum  ordi- 
nate be  determined,  the  values  above  it  will  be  found  to  be  much 
more  frequent  than  those  below  it.  That  is,  x^x,,.  For  all  assym- 
metrical curves  of  this  general  form,  as  the  assymmetry  increases,  x^ 
departs  more  ra})idly  than  x„  from  the  main  mass  of  results,^  and 
consequently  does  not  represent  them  so  well. 

The  general  expression  for  the  usual  cases  of  assymmetry  has  been 


*  Nkwcomb,  a  generalized  theory  of  the  conihination  of  observations^  Am  Jour.  Math., 
1886  YIII  343. 

*  Laplace,  Theorie  unalyt  des  prob,  2  Suppl..  §  2. 

^  Merrimax,  Method  of  Least  S<iuares,  New  York  1894. 

*  Edgeworth,  Observatioiis  and  statistics,  Trans.  Cainb.  Pliil.  See,  XIV  1^8  (167). 

*  Kdoewouth,  Choice  of  means,  Phil.  Mag.,  1887  (5)  XXIV  2G8  (270). 

*  De  Forest,  On  an  unsymmetrical  probability  curve,  Analyst,  1883  X  67  (14), 
''  Db  Forest,  On  an  unsymmetrical probahility  curve,  Analyst,  1883  X  67. 
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deduced  by  Db  Forest.'  It  includes  constants  determined  from 
the  squares  and  cubes  of  the  errors.  Any  method,  however,  that  intro- 
duces more  calculation  than  the  usual  average  will  be  at  even  greater 
disadvantage  than  that  value. 

If  Fechnbb's  law  of  the  estimate  of  differences  of  sensation  could 
be  relied  upon  in  all  cases,  the  best  representative  value  would 
unquestionably  be  the  geometric  mean.  If  the  geometric  mean  g  be 
assumed  as  the  most  probable  value,  it  is  easily  shown  that 

which  with  the  usual  assumptions  becomes* 

^(x)=-^e       V       of,  (19) 

The  general  result  of  experience,  however,  goes  to  show  that  if>{v) 
is  of  a  form  intermediate  between  (II)  and  (19). 

For  cases  of  assymmetry  the  most  natural  representative  value  to 
take  would  be  aj*.  As  this  is  not  determinable  from  few  results, 
some  other  value  must  be  used.  Any  other  value  would  be  justifi- 
able only  from  a  consideration  of  the  purpose  for  which  it  is  wanted. 
There  is  no  reason,  as  far  as  I  can  see,  for  taking  any  one  of  the 
values  around  the  maximum  rather  than  any  other  one  except  in  so 
far  as  it  comes  nearer  the  maximum.  If  we  are  to  take  x^  or  x^  and 
not  x^y  the  middle  value  a5„  would  be  the  better  on  account  of  its 
nearness  to  Xi, 

III.  Few  restdts  and  unknown  <l>(x).  Since  it  is  impossible  from 
the  few  results  given  to  make  any  deductions  concerning  <l>{x),  it  is 
evident  that  other  things  being  equal,  that  value  will  be  preferable 
for  which  the  fewest  assumptions  need  to  be  made. 

Let  it  be  assumed  that  the  curve  of  frequency  is  symmetrical. 
Then  x~x^.  One  value  is  as  good  as  the  other,  for  both  should  be 
the  same.  The  value  of  maximum  probability  x^  cannot  be  directly 
calculated.  For  any  assumed  form  of  <^(ic),  a  comparison  of  the 
mean  variation,  the  mean-square-error  and  the  probable  error  will 


*  De  Forest,   On  an  unsymmetrical  probability  curve.  Analyst,  1882  IX  135,  161  ; 
1883  X  1,  67. 

'  McAlister,  On  the  law  of  the  geometric  mean,  Quart.  Jour.  Pure  a.  Appl.  Math  , 
1880  XVII  175. 

MoAlistkr,  The  law  of  the  gearnetric  meanf  Proc.  Roy.  Soc.  Lond.,  1879  XXIX 
367. 
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show  whether  they  stand  in  the  proportions  required  by  the  assump- 
tion for  <^(x).  ^ 

Since  ^(x)  is  in  general  unknown,  or  only  roughly  suspected,  it 
becomes  desirable  to  either  occasionally  or  constantly  compare  a?e 
and  ir„  in  order  to  judge  of  the  symmetry  or  assymmetry  of  ^(a;). 

For  a  symmetrical  curve  ajc=a?„.  If  for  a  supposed  symmetrical 
curve  over  arc^a?'^  the  values  r',  «'  and  yl  have  meanings  as  defined 
on  p.  ?  and  if  r,  s  and  /m  be  the  corresponding  values  for  a*^,  it  can 
be  expected,  according  to  Bayes's  theorem,  with  a  probability  of 


<D(y)=-A  y;-^*^^ 


that 


0 


-7=--±y|/--r 


or  since 


J- _  J^ 


then  !1=:^±1|/^. 

Instead  oi,  Xc  and  x^  we  have  3r^x^±rf  and  -rl:=a'^±€  where  17  and 
c  are  determined  by  (12)  and  (13).  It  would  not  be  difficult  to  cal- 
culate on  general  principles  the  limits  of  difference  between  Jlf  and 
A  within  which  we  could,  with  a  given  degree  of  probability,  sup- 
pose that  the  law  is  symmetrical.  For  the  present  I  will  assume 
that  the  desired  degree  of  probability  is  50;?:  =  ^  and  that  the 
question  to  be  decided  is  the  symmetry  or  assymmetry  of  a  curve 
whose  equation  is  given  in  the  case  of  symmetry  by  (11). 

If  the  curve  be  symmetrical  around  the  average,  the  probable 
error  r  of  the  variations 

Xi^^A,         (^—1,  2,  .     .     .,  9i) 

will  be  the  limit  of  variation  for  A,  If  the  curve  be  symmetrical 
around  the  median,  Mean  he  considered  as  representing  the  average 
of  such  a  curve;  the  probable  error  r'  calculated  from 

Xi^M,         {k=z  1,  2,  .     .     .  n) 

will  give  the  limit  of  variation  for  M.  Let  the  difference  between 
the  average  and  the  median  be  denoted  by 

S=A  -  3f, 
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r  +  r' 
As  long  as  the  limits  of  r  and  r'  overlap,  that  is,  -    — <^^  — ifcf,  the 

R4-r' 

presence  of  assymmetry  cannot  be  asserted.    But  when  — - — >^  —  ifcf, 

it  can  be  said  with  a  probability  of  50^  that  the  curve  is  assym- 
metrical. 

If  M  and  A  indicate  symmetry  in  a  large  number  of  cases,  either 
of  these  values  can  be  used  in  similar  cases  for  the  reason  that  both 
are  practically  the  same. 

If  they  indicate  assymmetry,  there  are  the  same  reasons  for  pre- 
fering  Jf  to  ^  as  in  the  case  of  known  il>[x)  considered  above. 


To  Profs.  Oibbs,  Newton  and  Elkin  of  Yale  and  Prof.  Merriman 
of  Lehigh,  I  am  under  very  great  obligations  for  discussion,  criti- 
cism and  correction.  Of  course,  they  are  in  no  wise  responsible  for 
my  deductions  or  conclusions,  from  which  each  one  dissents  at  some 
point.  Nevertheless,  any  value  this  article  may  have  is  due  to  their 
])atient  labor  with  one  who  is  not  a  mathematician  but  who  is  obliged 
to  use  mathematical  means  to  solve  practical  problems. 


RESEARCHES    ON    THE   MENTAL  AND    PHYSICAL   DE- 
VELOPMENT OF   SCHOOL-CHILDREN, 

BY 

J.  Allen  Gilbert,  Ph.D. 


Infant  developnoient  during  the  ages  from  3  to  6  has  been  treated 
rather  extensively,  but  so  far  as  systematic  scientific  work  is  con- 
cerned,  yery  little  has  been  done  in  the  study  of  the  child  during  the 
years  spent  in  school  except  in  the  line  of  bodily  growth  in  w^eight, 
height,  chest-capacity  and  the  like.  In  measuring  mental  processes 
almost  nothing  has  been  done.  The  work  of  Bolton'  on  the  growth  of 
memory  in  school-children  has  brought  out  a  valuable  subject  but 
would  have  been  of  far  £rreater  value  had  its  statistics,  which  were 
obtained  from  careful  work,  been  presented  in  more  intelligible  form. 
The  subject  of  voluntary  motor  ability  has  been  treated  by  Bryan.* 
Hearing  has  been  investigated  by  Ciibisman.* 

Last  year  I  carried  through  a  series  of  tests  on  school-children  to 
determine  their  sensitiveness  to  differences  in  pitch,*  and  through 
this  and  the  problems  it  suggested  I  was  led  to  continue  my  investi- 
gations on  a  much  larger  scale  in  order  to  aid  in  that  analysis  of 
mental  ])henomena  which  is  so  necessary  to  an  understanding  of  child- 
psychology.  The  present  investigation  was  undertaken  with  the 
determination  to  carry  through  a  regular  set  or  series  of  accurate 
mental  and  physical  tests  upon  school-children  from  6  to  17  years  of 
age. 

The  work  has  occupied  most  of  my  time  during  the  academical 
year  1893-1804,  the  larger  part  of  the  fall  term  being  spent  in  the 
invention  and  construction  of  apparatus  used  in  taking  the  tests.  In 
the  furtherance  of  my  work  I  am  specially  indebted  to  the  following^ 
persons  :  to  Dr.  E.  W.  Scripture,  who  has  charge  of  the  Laboratory 
and  was  always  ready  to  assist  any  endeavors  at  honest  work ;  for 


*  Bolton,  Growth  of  m*^)iwry  in  school-children.  Am.  Jour.  Psych,  1893  IV  919. 
•Bryan,  On  the  devtlopment  of  voluntary  viotor  ahilltij,  iS  in.  Jour.  P.««ych.,  1893  V' 133. 
•CnrJSMAN,  The  hearing  of  children.  Pod.  SiMii.,  IHOli  II  397. 

*  Gilbert,   Ex])eriments  on  tJm   musical  sensitiveness  of  scJiool-children^  Stud.  Yale 
Ppych.  Lab.,  1893  I  80. 
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his  assistance  I  am  tmly  grateful ;  through  his  suggestions  I  was 
led  to  take  up  this  investigation.  To  Mr.  V.  G.  Curtis,  superintendent 
of  schools  of  New  Haven,  for  the  permission  to  enter  the  schools 
with  my  tests  and  for  his  kindly  interest.  I  wish  also  to  express  my 
gratitude  for  the  kindness  and  accommodation  offered  by  Miss  Web- 
ster, Messrs.  Camp,  Hurd  and  Thomas,  principals  of  Welch,  D  wight, 
Winchester  and  High  Schools  respectively;  to  Miss  Treat,  assistant 
at  Welch  for  the  time  spent  on  tests  (1)  to  (3),  together  with  all  the 
teachers  at  the  respective  schools  who  were  helpful  during  the 
months  occupied  in  taking  the  tests ;  to  Dr.  C.  B.  Bliss,  fellow  and 
assistant  at  the  Psychological  Laboratory,  for  much  of  his  time  and 
many  suggestions  in  the  preparation  of  apparatus  and  prosecution 
of  my  work  throughout ;  to  Mr.  Hogan,  the  laboratory  mechanic, 
for  his  assistance  in  the  construction  of  apparatus.  To  Professor 
Williams  I  am  indebted  for  the  idea  embodied  in  the  suggestion- 
test.  Valuable  suggestions  were  also  received  from  Professor  Ladd, 
who  has  throughout  shown  a  kindly  interest  in  my  work. 

Methods  and  apparatus. 

Each  child  was  tested  in  the  following  respects  :  muscle-sense, 
sensitiveness  to  color-differences,  force  of  suggestion,  voluntary 
motor  ability,  fatigue,  weight,  height,  lung-capacity,  reaction-time, 
discrimination-time  and  time-memory.  Ten  sets  of  special  apparatus 
were  constructed  for  each  of  the  first  three  tests. 

Test  (1)  :  JIuscle-sense, 

In  this  test  each  set  of  the  apparatus  consisted  of  ten  weights 
varying  from  82*^  to  100*  in  steps  of  two  grams  each.  The  weights 
were  brought  to  the  exact  weight  within  50™*^.  In  order  to  get  at 
mere  muscle-sense  or  sensitiveness  to  weight,  which  is  the  aim  of  this 
test,  heat,  cold  and  roughness,  which  would  distract  the  attention 
from  this  one  sensation  of  weight  in  consciousness,  must  necessarily 
be  avoided.  To  avoid  heat  and  cold,  cartridge  shells  were  used, 
giving  a  paper  surface,  which  is  a  non-conductor.  Uncapped  shells 
were  cut  in  two,  giving  a  cylinder  2.3^"  in  diameter  and  3.8*^™  long. 
These  were  filled  with  lead  disks  and  brought  to  within  lOC^^  of  the 
weight  desired.  In  order  to  avoid  sensations  of  roughness,  they 
were  painted  with  asphalt,  which  leaves  a  hard  glazed  surface,  rais- 
ing the  weight  to  within  60"^^.  A  cylinder  of  the  size  named  and 
filled  as  described  makes  a  weight  comparatively  heavy  and  still  of 
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sufficiently  small  size  to  be  grasped  easily  endwise  between  the 
thumb  and  finger  by  a  six-year-old  child.  In  cutting  the  lead  disks 
with  which  the  shells  were  filled,  the  punch  was  so  constructed  as  to 
press  the  disk  into  convex-concave  shape  before  cutting  it  from  the 
sheet  of  lead.  These  were  placed  with  concavity  to  concavity  and 
on  being  pounded  down  of  course  flattened  out  and  consequently 
became  of  diameter  large  enough  to  press  firmly  against  the  side  of 
the  shell,  thus  avoiding  any  jostling  sideways  w^ithin,  while  they 
were  also  bound  tightly  one  by  the  other,  thus  avoiding  any  jostling 
endwise.  To  get  them  of  different  weights  sufficient  cartridge-wads 
were  used  in  place  of  lead  disks.  Each  weight  was  marked  by  a 
secret  sign  to  indicate  its  weight.  For  each  set  a  box  was  then 
made  of  appropriate  size  in  order  to  avoid  any  mixing  of  the  sets  in 
taking  the  tests. 

In  taking  the  tests  the  lightest  one,  marked  by  a  white  speck  on 
tlie  end  and  weighing  82«  was  used  as  the  standard.  The  child 
received  the  box  of  weights  and  was  told  to  sort  out  all  those  which 
seemed  to  him  to  be  of  exactly  the  same  weight  as  the  one  with  the 
white  speck  on  the  end,  lifting  them  endwise  between  thumb  and 
finger.  To  avoid  the  effects  of  fatigue  on  the  sensitiveness  to 
weight,  each  child  was  given  only  two  trials  on  each  block,  lifting 
it  and  the  standard  alternately.  The  successive  steps  between  the 
weights  being  two  grams,  the  number  of  blocks  selected  as  being  of 
the  same  weight  when  multiplied  by  2  would  indicate  in  grams  the 
threshold  for  discrimination  to  weight  for  that  child. 

Test  (2) :  Sefisitivenesa  to  color-differences. 

Just  as  in  the  preceding  test  we  were  in  search  of  the  threshold 
for  discrimination  to  weight  or  least  perceptible  difference  In  weight, 
so,  in  this  test  it  was  the  aim  to  find  the  threshold  for  discrimination 
to  color  or  the  least  perceptible  difference  in  shade  of  one  color. 
This  test  consisted  of  a  series  of  ten  shades  of  red  so  closely  graded 
that  no  two  successive  colors  or  shades  could  be  distinguished  except 
by  an  experienced  eye.  Gray  would  have  been  preferable  and  in 
fact  was  tried  previously  to  red,  but  owing  to  the  fact  that  all  goods 
are  bleached  with  sulphur,  no  matter  how  well  scoured  before  dyeing, 
traces  of  red  could  be  found  running  through  the  gray. 

Ten  pieces  of  woolen  cloth  of  fine  texture  were  first  dyed  a  suitable 
red  by  a  practical  dyer  under  my  supervision.  After  the  ten  pieces 
were  removed  from  this  coloring  solution,  which  left  them  all  exactly 
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of  the  same  color,  a  verj  small  portion  of  dye  was  added  to  the  boil- 
ing vat,  thus  making  the  fluid  slightly  darker.  One  of  the  pieces  was 
again  boiled  in  this,  making  it,  when  removed,  very  slightly  darker 
than  before.  To  this  last  solution  was  again  added  a  small  portion 
of  dye  in  which  a  third  piece  was  boiled  and  so  on,  adding  for  each 
successive  piece  of  cloth  an  equal  portion  of  dye  and  giving  thus  a 
series  of  shades  each  differing  from  the  others  in  a  very  slight 
degree.  Each  of  this  series  of  ten  was  then  fixed  firmly  in  a  ring  so 
as  to  exhibit  the  color  and  yet  protect  it  from  being  handled.  This 
ring  was  a  hollow  cylinder  with  a  narrow  shoulder  on  one  end,  the 
edge  of  which  was  beveled  so  as  to  avoid  any  shadows  being  thrown 
on  the  color.  The  colored  cloth  was  stretched  firmly  across  the  end 
of  a  circular  block  which  was  driven  into  the  ring,  holding  the  color 
firmly  against  the  shoulder.  The  circle  in  which  the  color  was 
exposed  was  3*^™  in  diameter.  The  castings  were  then  painted 
a  dull  black  so  as  to  avoid  any  reflection  of  light  which  might 
affect  the  color.  Each  block  was  then  marked  with  a  secret 
mark  according  to  the  place  it  held  in  the  series.  To  avoid  getting 
them  mixed  in  taking  the  tests,  a  small  box  was  made  for  each  set 
of  ten. 

In  taking  the  tests  the  block  containing  the  lightest  shade,  painted 
white  on  the  bottom  to  distinguish  it,  was  used  as  the  standard  with 
which  to  compare  the  rest.  The  child  was  given  a  box  containing 
one  set  and  told  to  pick  out  all  those  shades  of  red  which  were 
exactly  like  the  one  painted  white  on  the  bottom.  '  The  number  of 
those  selected  as  being  alike,  including  the  standard,  was  then 
recorded.  The  number  of  colors  picked  out  would  indicate  the 
threshold  for  discrimination  to  color  for  that  child  and  by  averaging 
the  individual  results  the  discrimination  for  the  respective  ages  was 
obtained. 

Test  (3) :  Force  of  suggestion. 

The  aim  in  this  test  was  to  measure  the  effect  of  our  ideas  of  a 
thing  formed  by  the  sense  of  sight  upon  those  formed  by  the 
muscle-sense,  in  particular  to  get  the  effect  of  bulk  in  a  thing 
upon  our  judgment  of  what  it  should  weigh.  As  a  first  attempt, 
a  set  of  ten  blocks  was  made,  each  weighing  55«  with  an  accu- 
racy of  50'"«.  All  were  2.8*^"*  thick  but  varied  in  diameter  from 
2,2^"^  to  8.2*^"  in  a  geometrical  series,  in  order  to  make  the  sensa- 
tions increase  in  an  arithmetical  series  according  to  Wkb£r\s  law. 
On  taking  a  number  of  tests  with  this  set,  asking  the  subject  of  the 
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experiment  to  arrange  them  in  order  according  to  their  respective 
weights,  the  decision  was  universal  that  the  smallest  one  seemed 
heaviest  and  the  largest  one  lightest,  the  others  ranging  between 
those  two  extremes  with  weights  inversely  proportional  to  their  size. 
Now,  in  order  to  measure  the  amount  of  the  suggestion  offered  by 
the  bulk  of  the  blocks,  all  being  of  the  same  weight  in  reality,  a 
series  of  fourteen  blocks  was  made,  each  being  2.8^"^'  long  and  3.5*^"* 
in  diameter  but  all  of  different  weights,  ranging  from  15^  to  18«  in 
weight.  In  order  to  get  the  different  weights  in  the  same  sized 
blocks,  holes  were  bored  out  of  the  center  of  a  size  directly  propor- 
tional to  the  weight  desired  and  filled  with  lead.  This  could  then  be 
easily  bored  out  till  the  exact  weight  for  each  was  reached.  The 
lead  was  then  concealed  by  a  cartridge-wad,  which  also  served  the 
purpose  of  a  center  to  the  block  on  each  end  by  which  to  grasp  it 
when  lifting.  The  position  of  each  block  in  the  series  of  fourteen 
was  then  marked  plainly  on  one  end. 

In  taking  the  tests  for  measuring  the  amount  of  suggestion  offered 
by  the  difference  in  bulk,  the  very  large  weight  and  the  very  small 
weight  were  given  to  the  child  in  connection  with  the  series  of  four- 
teen blocks,  the  weight  of  the  large  and  small  standards  being 
unknown  to  the  child.  He  was  asked  to  pick  out  of  the  fourteen 
blocks  the  one  that  seemed  to  him  to  be  of  the  same  weight  as  the 
small  standard  and  also  the  one  of  the  same  weight  as  the  large 
standard,  lifting  them  endwise  between  the  thumb  and  finger. 
The  small  block  was  first  lifted;  then  the  end-one  of  the  14  blocks 
was  lifted.  If  it  was  apparently  lighter,  the  second  block  of  the 
14  was  tried.  If  this  was  also  lighter,  the  third  was  tried.  This 
was  continued  till  that  block  of  the  14  was  reached  which  was  appa* 
rently  equal  to  the  small  block.  Its  number  was  noted.  Then  the 
large  block  was  compared  successively  with  those  of  the  14  till  an 
apparently  equal  one  was  reached.  The  weight  of  the  small  one  was 
the  same  as  that  of  the  large  one.  The  amount  of  suggestion  offered 
by  the  difference  in  bulk,  could  then  be  measured  in  grams  by  taking 
the  difference  in  weight  between  the  two  blocks  chosen  as  being 
the  same  weight  as  the  large  and  small  standards  respectively.  One 
heavier  than  55 ^  was  always  chosen  for  the  small  one  and  one  lighter 
than  55^  was  always  chosen  for  the  large  one,  as  will  be  explained  in 
the  discussion  of  results. 

The  first  three  tests  just  described  were  taken  on  desks  adapted 
to  the  size  of  the  child,  thus  subjecting  all  to  the  same  influences  in 
lifting.    The  desk  was  of  such  height  as  to  throw  the  fore-arm  paral- 
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lei  with  the  floor.  These  first  three  tests  were  given  to  the  child  in 
the  order  in  which  I  have  recorded  them,  thus  throwing  the  color-test 
in  between  the  two  weight-tests,  giving  no  chance  for  the  fatigue  of 
test  (1),  should  there  be  any,  to  be  carried  over  into  test  (3). 

Test  (4):   Letter-memory, 

This  was  omitted  because  of  the  impossibility  of  accurate  work 
with  letters. 

Test  (6):    Weight. 

The  weight  of  the  children  was  taken  on  a  balance-scale  weighing 
with  an  accuracy  of  one-quarter  of  a  pound.  Ordinaiy  in-door 
clothing  was  worn. 

Test  (7):   Height. 

The  Seaver  measuring-rod,  marked  off  in  both  inches  and  centi- 
meters, was  used.  It  is  composed  of  a  straight  stick  with  a  sliding 
arm  projecting  at  right  angles.  Placing  the  stick  perpendicular  to 
the  floor  by  sighting  it  parallel  with  a  door-frame,  the  sliding  arm  was 
made  to  touch  the  head  of  the  child  and  then  read  off  in  tenths  of  a 
centimeter,  as  marked  on  the  stick.  The  height  was  taken  with 
shoes. 

Test  (8):  Lung -capacity. 

The  Standard  wet  spirometer  was  used.  This  consists  of  a  cylin- 
drical vessel  nearly  filled  with  water,  through  the  center  of  which  a 
tin  tube  projects,  connected  at  the  lower  end  with  a  rubber  tube 
through  which  the  experimentee  exhales  the  air.  Over  this  tin  tube, 
projecting  in  the  center  of  the  vessel  of  water,  a  tin  cylinder,  closed 
at  one  end,  is  inverted  and  allowed  to  sink  in  the  water  by  opening 
a  stop-cock  at  the  bottom,  letting  out  the  air  con  lined  in  the  vessel 
by  the  water.  An  index  finger  pointing  to  a  scale  on  a  support  on 
one  side,  marked  off  in  cubic  inches,  is  fastened  to  the  movable  cylin- 
der. As  air  is  blown  into  the  tube  the  hollow  cylinder  rises,  marking 
off  on  the  scale  the  number  of  cubic  inches  blown  into  it.  The 
weight  of  the  tin  cylinder  is  balanced  by  weights  hanging  on  pul- 
leys above,  so  that  very  little  pressure  is  required  to  raise  the  cylin- 
der by  blowing. 

The  child  was  told  to  inhale  into  its  lungs  all  the  air  they  possibly 
could  contain  and  then  to  exhale  it  through  the  tube  into  the  spirom- 
eter, emptying  his  lungs  as  completely  as  possible.  The  cubic  inches 
were  reduced  to  cubic  centimeters  for  the  final  averages  of  each  age. 
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Tub  beactiox-board. 
Since  mental  testn  on  children  have  never  been  taken  to  any  great 
extent,  there  was  conseqaently  no  suitable  apparatus  at  hand  for 
Hiich  tests.  The  cairying  out  of  my  experimcntR  necessitated  the 
construction  of  what  may  be  called  the  reaction -board,  arranged  for 
taking  teots  (o),  (0),  (10)  and  (11).  This  was  constructed  on  an  oak 
board  33  centimeters  square,  tig.  5.     The  main  parts  are  tlie  electro- 


Fig.  5. 

magnetic  luniiig-fork  -I  vibrating  one  hundred  times  per  second, 
the  double-post  switch  Ji,  tlie  stimulating  apparatus  6',  the  reacting- 
key  J-j,  Ihe  lapping-apparatus  t,  the  commutator  G  and  the  Ewald 
chronoHCO|K:  H.  The  board  is  raised  from  the  table  by  four  short 
legs  so  as  to  permit  insulated  wires  to  pass  beneath  conneottng  the 
different  parts  of  tlic  apparatus  through  holes  piercing  the  board. 
One  leg  (i^  is  an  adjustal>le  screw  by  which  the  board  can  be  fitted  to 
anv  surface  upon  which  it  may  be  placed.  Two  separate  Grove 
batteries  had  to  be  used,  one  connected  with  the  wires  I<(  \b  and  the 
other  with  Ila  Hi.  Current  IL(  \\b  simply  passes  through  the 
tuning-fork  A,  when  the  bar  p  of  the  commutator  is  left  in  the 
position  in  winch  the  sjiring  naturally  holds  it,  vi?.:  connecting  the 
two  posts  9  and  »'.   Thus,  the  tuning-fork  is  kept  in  constant  rootioa. 
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The  chronoscope  is  composed  of  an  electro-magnet  with  the  arma- 
ture connected  with  a  small  lever,  one  end  of  which  rests  against  a 
toothed  wheel  connected  with  the  finger  on  the  dial  visible  at  JI. 
Every  time  a  current  is  made  to  pass  through  the  electro-magnet  it 
draws  the  lever,  thus  moving  the  wheel  and  the  finger  on  the  dial 
one  mark.  The  circle  on  the  dial  of  the  chronoscope  is  divided  into 
one  hundred  parts  and  thus,  if  the  chronoscope  is  thrown  into  a 
current  connecting  it  with  the  tuning  fork  A,  which  vibrates  one 
hundred  times  a  second,  the  finger  on  the  dial  makes  one  complete 
revolution  in  one  second.  Every  time  the  fork  vibrates  the  current 
is  made  at  b  by  means  of  an  adjustable  wire  invisible  in  the  figure. 
Every  time  this  current  is  made  at  b  the  chronoscope  moves  one 
mark  and  thus  records  the  number  of  vibrations  made  by  the  fork, 
or,  in  other  words,  measures  in  hundredths  of  a  second  the  length  of 
time  a  current  is  allowed  to  pass  through  it  and  the  fork.  In  order 
to  test  the  chronoscope  it  was  thrown  into  circuit  with  a  time-marker 
on  a  smoked  drum  according  to  a  method  described  by  Bliss.*  To 
verify  results  this  test  was  made  both  before  and  after  the  taking  of 
data.  The  chronoscope  was  found  accurrate  to  the  error  of  scale. 
Owing  to  the  fact  that  the  contact  between  (/  and  the  stimulating 
rod  Z>  is  a  "  make "  contact,  an  error  of  0.005  of  a  second  was 
introduced,  but  in  as  much  as  the  chronoscope  only  records  in 
hundredths  of  a  second,  this  error  would  not  influence  the  results. 

The  apparatus  ^  which,  for  my  present  use,  I  have  called  the 
tapping-apparatus,  was  at  first  intended  to  be  used  as  a  habit-key. 
By  unscrewing  I  and  the  screws  binding  the  three  arms  9i  to  the  central 
equilateral  triangular  plate  m,  the  plate  m  could  be  turned  to  the 
right  thus  drawing  in  toward  the  center  the  buttons  on  the  ends  of  the 
bars  n.  The  different  radii  of  the  circle  were  measured  off  on  the 
scale  on  the  face  of  the  board  as  the  index  moved  to  the  right  or 
left,  according  as  the  imaginary  circle,  passing  through  the  three 
buttons  on  the  end  of  the  arms  n,  was  desired  smaller  or  larger.  To 
obtain  an  expression  for  habit,  the  child  could  be  told  to  tap  on  the 
three  buttons  going  in  a  circle  to  the  right  as  fast  as  possible,  for 
five  or  ten  seconds,  the  number  of  taps  being  recorded  by  the  chron- 
oscope. After  resting  he  could  then  tap  the  same  length  of  time  in 
the  same  circle.  The  increase  in  number  of.  taps,  or  percentage  of 
gain,  in  the  second  trial  over  the  first,  would  express  the  rapidity  of 
forming  the  muscular  habit  of  moving  the  hands  in  a  set  way.     This 


*  Bliss,    Researches  on  reaction-time  and  attention^  Stud.   Yalo  Paych.  Lab.,    1893 
I  5,  fig.  3. 
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test  was  given  up  because  it  seemed  impossible  to  get  the  children 
to  keep  on  going  in  a  circle  should  they  miss  one  of  the  buttons; 
instead,  they  would  almost  invariably  stop  and  try  to  correct  their 
misdirected  aim.  Although  this,  however,  would  make  an  interest- 
ing test  on  adults,  it  lay  outside  of  my  problem. 

Tkst  (5) :  Voluntary  motor  ability  and  fatigue. 

By  throwing  the  arm  c  of  the  switch  JB  to  the  post  covered  by  it 
when  in  the  position  c'  the  current  \a  \b  is  made  to  pass  through 
the  wire  la  across  to  the  reaction-key  -E',  to  the  binding  post  g^  then 
through  c  in  position  c'  to  the  tapping  apparatus  F\  thence  through 
the  keys  n  and  bars  o  to  the  chronoscope  H  and  finally  back  to  the 
binding  post  \b. 

In  measuring  voluntary  motor  ability,  the  child  was  asked  to  tap 
as  rapidly  as  he  could,  until  told  to  stop,  on  the  button  at  the  end 
of  the  front  key  w.  Closing  the  key  /  closed  the  current  at  every 
point  except  at  the  platinum  contact  between  the  key  n  and  the  bar 
o.  Thus,  every  time  the  child  tapped  on  the  button  of  key  n  the 
contact  was  made  with  the  bar  o  allowing  the  current  to  pass 
through  the  electro-magnet  of  the  chronoscope,  moving  the  finger 
on  the  dial  one  mark.  An  upright  circular  screen  was  fastened  to 
the  edge  of  the  dial  in  order  to  hide  from  the  child  the  record  made. 
The  child  tapped  for  forty-five  seconds.  Shortly  after  he  had 
started  tapj)ing,  the  circuit  was  closed  by  pressing  down  the  key  / 
in  unison  with  one  of  the  strokes  of  a  metronome  which  was 
adjusted  to  beat  seconds.  As  soon  as  the  key  f  was  pressed  down 
by  myself,  the  chronoscope  commenced  recording  on  its  face  each 
tap  made  by  the  child.  At  the  end  of  ^\e,  seconds  I  broke  the  cur- 
rent at  /thus  cutting  off  from  the  chronoscope  any  means  of  record- 
ing the  taps  of  the  child  until  the  current  was  again  made.  The 
child  continued  tapping  simj»ly  to  produce  fatigue.  At  the  end  of 
forty  seconds  I  again  made  the  circuit  at  /  and  took  a  record  of  the 
ta])s  made  in  the  last  five  of  the  45  seconds  in  the  same  way  that  the 
first  five  were  taken.  To  measure  off  exactly  5  seconds  I  counted 
0,  1,  2,  3,  4,  5  in  unison  with  the  beat  of  the  metronome,  pressing 
down  the  key  /  at  0  and  releasing  it  at  5,  thus  giving  an  interval  of 
5  seconds.  By  this  means  the  control  of  the  5  seconds  was  in  my 
own  hands;  this  avoided  all  such  errors  as  are  sure  to  creep  in  when 
the  child  is  simply  told  to  start  and  stop  tapping  at  word  of  com- 
mand, as  was  done  by  Bryan  in  his  researches  on  voluntary  motor 
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ability.'     In  sach  a  case  it  is  very  difficult  to  tell  just  where  the 

counting  of  taps  should  cease,  for  almost  invariably  a  child  adds  a 

stroke  or  two  after  being  told  to  stop.     By  the  method  used  here, 

however,  the  tapping  is  limited  to  exactly  6  seconds.     By  throwing 

the  chronoscope  into  a  current  with  the  tuning-fork,  vibrating  one 

hundred  times  per  second,  I  contrived  a  plan  to  measure  my  own 

accuracy  in  making  and  breaking  the  current  aty  in  unison  with  the 

metronome,  leaving  exactly  5  seconds  intervening.     In  5  seconds  the 

hand  on  the  dial  of  the  chronoscope  should  revolve  6  times.     After 

taking  and  averaging  fifty  trials  at  making  a  5-seconds-interval,  it 

was  found  that  my  average  variation  for  a  single  occasion  in  making 

exactly  the  right  length  of  time  was  only  0.02  sec.     Such  an  error 

would  be  wholly  negligible  since  the  highest  rate  of  tapping  obtained 

was  47  taps  in  5  seconds.     The  number  of  taps  made  in  the  first  5 

seconds  can  be  taken  to  represent  the  voluntary  motor  ability  of  the 

child.     It  is  impossible  to  tap  as  rapidly  after  45  seconds  as  at  first; 

by  calculating  the  difference  between  the  two  rates  of  tapping  and 

then  dividing  this  difference  by  the  number  of  taps  made  the  first  5 

seconds,  an  expression  for  fatigue  was  obtained  as  a  per  cent.     If  r 

be  the  number  of  taps  for  the  first  5  seconds  and  a  the  number  for 

the  last  5  seconds,  the  degree  of  fatigue  for  40  seconds  of  tapping 

can  be  expressed  by 

r—8 
9=  —  - 

To  have  expressed  the  fatigue  merely  by  the  difference  between  the 
two  rates  of  tapping  would  not  have  expressed  the  truth  ;  for 
instance,  one  child  who  tapped  19  and  16  for  the  respective  periods 
of  5  seconds,  lost  a  great  deal  more  by  fatigue  than  another,  who 
tapped  38  and  34  respectively;  each  lost  4  taps  but  the  first  lost  21 
per  cent.,  the  second  only  1 1  per  cent. 

Since  fatigue  was  the  principal  problem  I  had  in  view  in  this  test, 
the  elbow  was  held  free  from  the  table  so  as  to  bring  on  fatigue  the 
more  rapidly.  This  also  would  be  the  most  rapid  way  of  tapping, 
for  it  consists  largely  of  a  movement  of  the  wrist  which  is  one  of 
the  most  rapid  joints  for  tapping." 

Test  (10):  JRectctiori'time. 

By  throwing  the  arm  c  of  switch  -B,  fig.  5,  to  the  post  covered 
when  in  position  c'  current  la  lb  passes,  when  all  points  are  connec- 
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ted,  from  the  battery  through  wire  I«,  through  the  spring  e  to  the 
end  of  the  rod  2>,  thence  through  the  curved  spring  to  g,  thence  to 
and  through  the  arc  c  of  switch  B  ;  thence  to  key  e  through  binding 
post  k  ;  thence  to  r  of  the  commutator  through  rodp  when  thrown 
across  from  r  to  r' ;  thence  through  the  chronoscope,  back  again  to 
the  battery.  Current  lla  IK  is  connected  with  the  following  in  suc- 
cession :  lla  from  battery,  binding  post  a  on  tuning-fork  A  ;  bind- 
ing post  on  the  coil  of  the  fork  ;  s  and  s'  of  commutator  (r,  finally, 
going  back  to  the  battery  through  wire  11^.  The  coil-spring  on  rod 
p  keeps  it  continually  in  connection  with  the  poles  s  and  8\  thus  keep- 
ing current  Ila  lib  always  closed  and  the  tuning-fork  in  constant 
motion,  ready  for  use.  Between  r  and  «,  r'  and  s'  are  two  small 
pieces  of  hard  rubber  to  insulate  and  carry  the  arm  easily  from  ss' 
to  rr\  With  the  arm  D  thrown  back  by  the  spring  e  against  the 
box  h  the  contact  is  merely  broken  between  the  end  of  the  arm  D 
and  the  curved  spring  fastened  to  the  brass  block  g.  The  child  is 
told  to  press  down  the  key  ^  as  soon  as  he  sees  a  movement  of  the 
disk  fastened  to  the  end  D,  By  throwing  the  rod  p  of  the  commu- 
tator G  upon  r  and  r*,  the  current  la  lb  is  closed  at  every  point 
except  where  the  contact  is  broken  between  the  arm  D  and  the 
curved  spring  on  g.  By  throwing  the  arm  D  into  the  position  seen 
in  the  figure  this  contact  was  made,  completing  the  circuit  and  at  the 
same  time  giving  the  stimulus  for  reaction.  Throwing  the  commu- 
tator into  position  rr\  before  throwing  the  stimulating  rod  -D,  served 
as  the  warning  to  the  child  that  the  stimulus  would  come,  as  well  as 
changing  the  current  used,  from  lla  lib,  which  passes  through  the 
tuning-fork  alone,  to  the  current  la  lb  which  passes  through  tuning- 
fork  A,  stimulating  rod  2>,  reacting  key  ^and  chronoscope  ff.  As 
soon  as  contact  was  made  at  g,  by  throwing  the  stimulating  rod  2>, 
the  current,  being  made  and  passing  through  tuning-fork  A^  which 
is  vibrating  100  times  per  second,  started  the  chronoscope  going  at 
the  rate  of  100  marks  or  one  revolution  per  second.  As  soon  as  the 
break-circuit  key  ^  is  pressed,  the  current  is  immediately  broken  ; 
thus  stopping  the  chronoscope.  This  records  the  number  of  hun- 
dredths of  a  second  which  elapsed  between  the  movement  of  rod  D 
by  myself  and  the  pressing  of  the  key  U  by  the  child.  After  the 
reaction,  the  key  ^  is  grasped  and  held  down  by  a  small  spring  x 
until  the  record  can  be  read  from  the  chronoscope  and  recorded. 
Spring  e  also  throws  the  rod  D  back  into  its  original  position,  break- 
ing the  contact  at  the  spring  on  g  as  before.  After  a  record  is  made 
on  the  card  of  the  number  of  hundredths  of  a  second  it  took  the  ofaild 
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to  react,  the  spring  x  is  loosened  by  pushing  it  off  the  key  ^  by  the 
rody  and  the  finger  of  the  chronoscope  is  moved  back  to  0  ready  for 
the  next  test.  Each  child  was  given  ten  trials,  the  median  value  of 
which  was  taken  for  his  reaction-time.  In  order  to  prevent  the 
child  anticipating  the  moment  when  the  stimulating  rod  D  is  to  be 
thrown  by  seeing  the  hand  move,  a  screen  extended  back  over  my 
hand  and  the  apparatus  about  the  part  6,  /  and  g.  This  screen  has 
been  removed  in  the  figure  so  Jis  to  exhibit  the  keys  c,/'and  g.  The 
face  of  the  chronoscope  JI  was  also  hidden  from  the  child  by  a  small 
semi-circular  screen  fastened  to  its  edge.  The  Ewald  chronoscope,* 
as  seen  in  the  figure,  is  taken  from  its  usual  stand  and  fastened  to 
the  board  so  as  to  place  it  near  the  commutator,  thus  allowing  it  and 
the  commutator  to  be  manipulated  conveniently  with  the  left  hand. 

Test  (9)  :  Reaction  with  discrimination  and  choice. 

The  apparatus  for  this  test  was  the  same  as  in  simple  reaction 
with  the  addition  of  the  color  apparatus  h  with  rod  /.  Fastened  to 
the  rod  i  and  concealed  in  the  box  h  is  a  slide  nearly  as  wide  as  the 
box  but  only  two-thirds  as  long.  Upon  this  slide  are  glued  two  pieces 
of  colored  paper,  red  and  blue,  each  taking  up  one-half  of  the  slide. 
By  pushing  in  the  rod  i  till  it  strikes  at  the  end  of  the  box  at  C,  blue 
is  exposed  at  the  opening  in  the  top,  while  red  is  concealed  under 
the  top  of  the  box  between  the  opening  and  the  end  marked  0.  By 
pulling  out  the  rod  i  till  it  strikes  the  other  end  of  the  box  A,  red  is 
exposed.  The  exposure  is  made  when  the  stimulating  rod  D  is  thrown 
into  the  position  seen  in  the  figure.  The  child  was  told  to  react  on 
the  key  JE  if  the  color,  when  exposed,  was  blue,  and  not  to  react  if 
it  was  red  ;  this  compelled  him  to  wait  and  discriminate  between 
red  and  blue  and  also  to  make  the  choice  whether  to  react  or  not. 
First,  the  bar  p  of  the  commutator  G  is  thrown  from  current  ss'  to 
r/,  serving  also  as  a  warning  to  the  child  that  the  stimulating  rod  D 
will  soon  be  thrown  aside.  The  rod  J)  is  then  thrown,  whereby  the 
chronoscope  is  started.  Pressure  on  the  key  jE  immediately  stops 
the  chronoscope  while  the  spring  x  also  holds  down  the  key  JS' until 
the  number  of  hundredths  of  a  second,  counted  off  by  the  chrono- 
scope, can  be  recorded  on  the  record-card.  After  moving  the  finger 
of  the  chronoscope  back  to  0  by  a  wheel  invisible  in  the  figure  and 
releasing  the  spring  x  by  pushing  rod^*,  the  apparatus  is  ready  for 
the  second  test,  the  commutator/?  having  been  brought  back  to  ss' 
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again  by  the  spring  attached  to  it.  That  part  of  the  rod  t  which  is 
not  concealed  by  the  screen  over  the  hand  and  keys  e,  f  and  g^  is 
concealed  by  a  wooden  covering  so  as  to  preyent  the  child  from 
knowing  by  the  position  of  the  rod  what  color  will  appear.  For 
reasons  mentioned  below  this  test  preceded  that  for  reaction-time. 

Test  (11)  :  Time-mtmory. 

The  same  apparatus  on  the  board  was  osed  here  as  in  the  preceding 
test,  except  that  instead  of  using  the  stimulating  rod  D  to  start  the 
chronoscope,  the  key/*  was  used.  The  chronoscope,  when  in  motion 
at  the  rate  of  one  hundred  marks  a  second,  makes  the  same  tone  as 
the  fork  only  somewhat  louder  and  of  different  timbre.  The  tuning- 
fork  is  mounted  on  hair-felt  so  as  to  muffle  its  sound,  leaving  the 
sound  of  the  chronoscope  very  easily  heard.  The  child  was  told  to 
listen  bow  long  I  caused  the  chronoscope  to  sound  and  then  after  I 
started  the  sound  the  second  time  he  was  to  stop  it  by  pressing 
down  the  key  E  when  he  thought  it  had  gone  just  as  long  as  I 
allowed  it  to  go  the  first  time.  After  throwing  the  commutator  from 
m'  to  rr  to  change  currents  and  also  to  warn  the  child  that  the  sound 
would  soon  begin,  the  current  was  made  by  pressing  down  the  key^, 
which  was  held  down  till  the  finger  on  the  dial  of  the  chronoscope  JEL 
had  made  two  complete  revolutions,  whereupon  it  was  released  ;  tnus 
the  sound  continued  for  two  seconds.  The  shade  concealing  the  dial 
kept  the  record  from  being  seen.  Almost  immediately  after  the  cur- 
rent was  broken,  it  was  again  made  at  f.  This  again  started  the 
sound  which  continued  until  the  child  stopped  it  by  pressing  down 
the  key  E,  The  key  was  held  down  as  before  by  the  self-catching 
spring  X  until  the  record  on  the  chronoscope  could  be  read  and  re- 
corded. The  figures  entered  on  the  card  represented  the  error,  in 
hundredths  of  a  second,  made  by  the  child  in  trying  to  make  the 
second  sound  just  as  long  as  the  first.  As  it  was  impossible  for  me 
to  make  the  standard  exactly  two  seconds,  this  error,  never  more 
than  0.05  of  a  second,  was  added  to  or  subtracted  from  the  error 
of  the  child  according  to  its  direction.  Each  child  was  given  ten 
trials  from  which  the  median  value  was  calculated  for  his  general 
result. 

General  methods. 

Tests  on  muscle-sense,  color-sensitiveness  and  force  of  suggestion 
were  not  taken  simultaneously  with  the  other  tests.  In  taking  the 
tests  on  voluntary  motor  ability,  fatigue,  weight,  height,  lung- 
capacity,   discrimination-time,   reaction -time   and  time-memory  tbe 
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following  order  was  adopted.  Three  children  were  taken  from  the 
school-room  at  one  time  into  a  secluded  room  away  from  interrup- 
tion, noise,  etc.  While  one  was  taking  the  tests  the  other  two  could 
be  watching  and  thus,  when  their  turns  came,  they  understood  what 
was  expected  of  them,  and  took  but  little  time  for  explanations. 
Furthermore,  when  their  turns  came  the  novelty  of  the  board  and 
tests  was  worn  away,  so  that  their  whole  attention  could  be  devoted 
to  doing  the  things  required.  The  child  was  first  weighed,  his 
height  was  taken  next  and  then  his  lung-capacity  was  measured. 
After  this  he  was  subjected  to  the  tests  of  the  reaction-board,  the 
first  being  discrimination-time  for  red  and  blue.  This  test  was  given 
precedence  in  time  to  simple  reaction  because  after  getting  accus- 
tomed to  reacting  every  time  the  stimulating  rod  was  moved,  as  is 
the  case  in  the  simple  reaction,  it  is  very  much  more  difficult  to 
refrain  from  pressing  reflexly  or  automatically  when  the  red  is  ex- 
posed in  the  discrimination-test  than  if  the  latter  is  placed  first.  In 
this  test  the  number  of  errors  made  by  pressing  the  key  E  when  red 
was  exposed,  instead  of  not  pressing  at  all,  was  kept  account  of. 
The  red  and  blue  were  exchanged  irregularly  so  that  the  child  could 
get  no  idea  of  what  color  to  expect.  So  as  to  put  him  more  thor- 
oughly on  his  guard,  several  reds  were  generally  exposed  at  the  start. 
Ten  trials  were  given  in  this  and  in  the  two  succeeding  tests,  the 
result  of  each  trial  being  recorded  in  its  proper  place  on  the  card  as 
soon  as  taken.  Reaction-time  was  taken  next,  and  then  the  test  on 
time-memory.  Finally,  after  all  other  tests  had  been  taken  (which 
required  from  seven  to  ten  minutes)  the  tests  on  voluntary  motor- 
ability  and  fatigue  were  taken.  During  the  35  seconds  interval 
between  the  first  and  last  period  of  five  seconds  of  the  forty-five 
seconds  of  tapping,  the  next  child's  weight  and  height  were  taken. 
When  the  child  at  the  board  had  completed  the  fatigue-test  he  was 
sent  back  to  the  room  and  immediately  another  came  to  fill  his  place, 
thus  keeping  three  out  at  one  time.  Just  before  taking  the  reaction- 
board-tests  on  the  child  the  day  of  the  month  and  the  hour  of  the 
day  were  noted  after  "  date  "  on  his  card  so  as  to  enable  me  to  cal- 
culate at  some  future  time  the  effects  of  weather  and  also  of  fatigue 
produced  by  the  day's  work  upon  those  tested  late  in  the  day,  com- 
pared with  those  takeif  early  in  the  morning.  The  teachers  attended 
to  having  the  remainder  of  the  data  filled  out  at  the  head  of  the  card, 
in  regard  to  the  child,  namely,  age  at  last  birthday,  birth-place,  birth- 
place of  father,  birth-place  of  mother,  father's  occupation.  White 
cards  were  used  for  girls  and  colored  cards  for  boys. 
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Results. 

About  one  hundred  children  of  each  age  were  taken,  the  small 
variation  from  this  number  being  shown  in  column  iVof  the  tables  I 
to  XL  The  method  explained  above  necessitated  tests  one  to  three 
inclusive  being  taken  at  a  different  time  from  the  remainder.  Some 
of  the  children,  having  taken  one  portion  of  the  tests,  were  absent 
at  I  he  time  the  other  tests  were  taken,  thus  causing  the  number  to 
fall  slightly  below  one  hundred  in  some  instances.  The  results  for 
each  age  were  averaged  into  one  final  result  by  taking  the  median 

value*  according  to  the  formula    -— .      The  justifiableness   of    this 

At 

method  will  be  shown  later  both  by  data  and  curves. 

Fechner  has  proposed  the  use  of  the  median  or  central  value, 
whose  position  in  the  series  of  separate  results  arranged  according 

n-\-\ 
to  size  is  given  by  — — .  That  is,  if  all  the  results  are  to  be  ar- 
ranged in  the  order  of  their  size,  the  median  will  be  just  in  the 
middle.  Since  with  finite  units  of  measurements  there  will  be  a 
number  of  results  having  the  same  value  around  the  middle,  the 
value  will  be  determined  by  interpolation.  The  importance  of  the 
use  of  the  median  lies  in  the  fact  that  it  involves  no  assumption  in 
regard  to  the  distribution  of  the  separate  deviations. 

In  order  to  get  an  expression  for  the  homogeneity  of  my  results 
the  mean  variation  was  calculated  for  each  age.  This  same  calcula- 
tion  was  also  made  for  boys  and  girls  separately  in  all  the  tests  except 
the  first  three,  viz :  muscle-sense,  color-sensitiveness  and  force  of 
suggestion.  After  the  record-cards  were  completely  filled  out  with 
the  data  desired,  they  were  returned  to  the  teachers  of  the  respective 
rooms,  who  were  asked  to  mark  each  name  by  a  figure  1,  2  or  3  ac- 
cording to  what  she  judged  the  child's  general  mental  ability  to  be, 
marking  the  bright  ones  1,  those  of  average  ability  2  and  the  dull 
ones  with  a  figure  3.  The  aim  of  this  was  to  get  the  relation  between 
the  general  mental  ability  and  the  respective  tests.  The  tests  were 
taken  from  January  17th  to  April  1st,  1894. 

Test  (1):  Miiscle-sense. 

The  results  for  this  test  are  shown  in  table  I  and  the  accompany- 
ing charts  I  and  11,  giving  in  graphic  form  the  results  as  given  in 
columns  2>,  B,  G  and  MVoi  the  table.     Sensitiveness  to  weight 
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was  not  so  delicate  as  was  supposed  when  the  apparatus  was  made, 
and  consequently  a  series  of  ten  weights  varying  two  grams  each, 
from  82«  to  100«,  was  insufficient  to  include  all  of  the  younger 
children.  In  ^11  ages,  except  fourteen  and  fifteen,  one  or  more  chil- 
dren were  found  whose  sensitiveness  to  weight-differences  did  not 
fall  within  the  scope  of  my  apparatus,  viz.  18«  variance  from  the 
standard  weighing  82«f.  In  calculating  column  D  of  table  I,  all 
data  including  those  in  which  all  ten  were  said  to  be  alike  in  weight 
were  used.  In  order  to  correct  this  error  of  apparatus,  the  per  cent, 
of  data  in  which  all  ten  weights  were  reported  as  being  alike  was 
calculated  for  each  age.  To  obtain  a  correct  estimate  of  the  dis- 
crimination to  weight  for  each  age,  the  columns  2>  and  P  must 
be  considered  together ;  that  is,  the  results  for  this  sense  give  the 
wrong  impression,  unless  both  of  the  columns  be  considered  in  con- 
junction. The  figures  at  the  left  of  the  chart  indicate  the  threshold 
for  discrimination  to  weight  in  grams.  The  figures  found  in  col- 
umns I\  PB  and  PQ  of  table  I  represent  in  per  cent,  the  number 
of  children  who  picked  out  all  ten  weiglits  as  being  exactly  alike, 
distinguishing  no  difference  whatever  in  their  respective  weights. 
It  will  be  remembered  that  sensitiveness  varies  inversely  as  the  size 
of  the  least  perceptible  difference.  For  example,  the  least  percepti- 
ble differences  for  the  ages  6  and  7  are  14.8^  and  13.C«  respectively  ; 
the  threshold  for  6  yrc».  bears  to  that  for  7  yrs.  the  relation  |J^,  but 
the  sensitiveness  for  6  yrs.  is  greater  than  that  for  7  yrs.,  the  relation 
being  ^f.  In  general  it  is  convenient  to  indicate  the  sensitiveness 
by  the  reciprocal  of  the  least  perceptible  difference,  thus,  jj^,  y^^, 
etc.  On  the  chart,  the  higher  the  line  the  greater  the  least  percep- 
tible difference  but  the  smaller  the  sensitiveness.  Ages  are  marked 
along  the  axis  of  abscissas  at  the  bottom  of  the  chart. 

The  results  show  a  gradual  increase  in  ability  to  discriminate,  from 
the  ages  of  6  to  13.  At  6,  the  worst  year  of  any  for  discrimination, 
the  least  perceptible  difference  was  14.8'^,  with  38;^  of  non-discrimi- 
nations ;  at  13  years  only  5.4«  with  2;*  of  non-discriminations. 
After  13  there  was  a  gradual  falling  off  of  6.8^,  none  failing  to  dis- 
criminate, and  then  another  gain  till  at  17  it  was  5.8«  with  1<?J  of 
non-discriminations.  Boys  and  girls,  considered  together,  gradually 
increase  in  ability,  but  when  they  are  considered  separately,  marked 
differences  of  sex  appear.  At  6  there  is  the  large  difference  of  3.8^  in 
discriminative  ability  in  favor  of  the  boys.  At  7  they  have  the  same 
ability.  From  this  on,  they  gain  with  equal  pace  to  the  year  1 3  with 
the  exception  of  the  abrupt  falling  off  for  boys  at  11.     From  13  to  17 
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the  difference  in  ability  again  becomes  manifest  in  favor  of  boys.  In 
general  it  may  be  said  tbat  the  superiority  of  boys  in  sensitiveness  to 
differences  in  weight  increases  with  age,  irregularities  being  notice- 
able, however,  from  6  to  7  and  from  12  to  14. 

It  is  interesting  in  this  connection  to  notice  the  relation  between 
the  general  curve,  chart  I,  and  the  curve  of  mean  variation  for  the 
same  test,  chart  II.  There  seems  to  be  a  general  agreement  through- 
out between  the  main  curve  for  discrimination  and  the  curve  for 


Table  I. 

Muscle^enae. 

Age, 

D 

P 

MY 

B 

PB 

G 

PG 

N 

NB 

NG 

6 

14.8 

38 

6.2 

13.0 

26 

16.8 

49 

87 

42 

45 

7 

13.6 

36 

4.4 

13.2 

36 

13.2 

40 

92 

60 

42 

8 

11.4 

30 

4.6 

12.2 

35 

11.0 

28 

92 

46 

46 

9 

10.0 

20 

4.4 

10.2 

23 

10.0 

17 

95 

48 

47 

10 

8.8 

12 

4.4 

8.6 

12 

9.2 

12 

91 

49 

42 

11 

8.6 

6 

3.8 

10.2 

5 

7.6 

6 

89 

42 

47 

12 

7.2 

3 

3.0 

7.6 

0 

7.6 

6 

101 

53 

48 

13 

5.4 

2 

3.0 

6.0 

5 

5.6 

0 

102 

44 

58 

U 

5.6 

0 

3.0 

5.2 

0 

7.2 

0 

100 

47 

53 

15 

6.8 

0 

2.2 

6.2 

0 

7.2 

0 

100 

49 

51 

16 

6.6 

1 

2.4 

6.0 

2 

6.8 

2 

87 

48 

•   39 

17 

5.8 

1 

2.6 

6.0 

0 

6.4 

2 

91 

47 

44 

2),  least  perceptible  difference  in  grams.  '  (?,  least  perceptible  difference  for  girls. 
P,  per  cent,  of  data  showing  no  discrim-    PG^  per  cent,  of  girls  showing  no  dis- 

inatiun.  i      crimination. 

J/F,  stJitistical  mean  variation.  JVJ  number  of  children. 

B,  least  perceptible  difference  for  boys.     NB.  number  of  boys. 
PB,  per  cent,  of  boys  showing  no  dis-    NG^  number  of  girls. 

crimination. 

mean  variation.  When  discriminative  ability  decreases,  between  any 
two  successive  ages,  the  variation  decreases  for  the  corresponding 
period.  On  the  whole,  however,  variation  decreases  with  advance  in 
age.  At  the  age  of  7,  where  a  falling  off  in  sensitiveness  is  indicated 
in  the  main  curve  for  discrimination,  the  mean  variation  is  decreased. 
Also  during  the  years  from  12  to  14  the  variation  is  stationary,  these 
too,  being  years  during  which  the  child  lost  in  his  ability  to  discrim- 
inate, as  shown  by  chart  I.  Apparently  during  these  years  develop- 
ment has  been  arrested  and  consequently  those  influences  removed 
which  would  cause  variation  in  the  results  of  different  children.  At 
15,  when  the  discrimination  was  relatively  poor,  the  mean  variation 
was  very  small. 
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In  such  points  the  mean  variation  throws  some  light  upon  those 
years  where  divergences  and  abrupt  changes  occur.  Marked  changes 
in  the  curve  for  variation  would  indicate  unusual  heterogeneity  in 
data  at  that  point.  Such  results  unquestionably  represent  changes 
in  growth. 


Fig.  6.    Chart  I. 

Boj's  and  girls. 

Il<»y8. 


Girls. 


Fio.  7.    Chakt  it. 
Statistical  mean  variation. 


Test  (2) :  Sensiticeness  to  color-differences. 

The  results  of  this  test  are  recorded  in  table  II  and  charts  III  and 
IV.  The  same  general  rules  apply  here  as  in  the  results ^of  the  pre- 
vious test.     The  two  columns  I)  and  P  of  table  II  have  to  be  con- 
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sidered  in  conjunction,  because  the  scale  of  shades  was  insufficient  to 
admit  of  discrimination  of  difference  in  color  by  all  children.  As  in 
the  previous  test  the  figures  in  column  P,  PS  and  PG  indicate  the 
per  cent,  of  children  of  the  respective  ages,  who  said  all  the  colors 
were  exactly  alike,  discriminating  no  difference  in  shade.  The 
numbers  on  the  left,  by  which  the  solid  line  is  to  be  interpreted,  indi- 
cate the  number  of  colors  picked  out  as  being  exactly  alike.  The 
ages  are  indicated  at  the  bottom  of  the  chart  on  the  axis  of  abscissas. 
Ability  to  distinguish  different  shades  of  the  same  color  increases 
with  age.  As  a  rule,  at  7  marked  irregularities  occur  in  all  the 
curves  which  require  mental  action  or  discrimination.  These  irregu- 
larities will  be  spoken  of  more  fully  later  on. 

Table  II. 
Sensitiveness  to  color-differences. 


ige. 

D 

F 

MV 

B 

FB 

G 

PG 

y 

NB 

KG 

6 

9.6 

57 

1.8 

8.3 

51 

9.6 

62 

90 

4^ 

45 

7 

9.0 

49 

2.1 

8.3 

48 

9.6 

50 

94 

50 

44 

8 

8.3 

44 

23 

9.6 

51 

7.0 

39 

90 

44 

46 

9 

6.3 

23 

2.2 

6.1 

24 

6.6 

22 

95 

45 

50 

10 

5.4 

11 

1.9 

6.0 

16 

5.2 

5 

91 

48 

43 

11 

5.4 

4 

1.7 

6.0 

9 

4.9 

0 

89 

41 

48 

12 

5.1 

3 

1.5 

4.8 

2 

5.1 

4 

101 

53 

48 

13 

4.6 

4 

1.7 

5.2 

9 

4.1 

0 

102 

44 

58 

U 

4.7 

3 

:a 

4.8 

7 

4.6 

0 

101 

47 

54 

15 

4.4 

1 

1.1 

4.1 

0 

4.6 

2 

100 

49 

51 

16 

4.3 

1 

1.3 

4.3 

0 

4.0 

2 

87 

48 

39 

17 

3.9 

3 

1.4 

4.0 

6 

4.9 

1 

91 

47 

44 

Bj  least  perceptible  difference  in  color  '  G^  least  perceptible  difference  for  girls. 

in  number  of  shades.  PG^  per  cent  of  data  of  girls  showing  no 

P,  per  cent,  of  data  showing  no  discrim-       discrimination. 

ination.  A'J  numl)er  of  children. 

J/j  statistical  mean  variation.  NBj  number  of  boys. 

B,  least  perceptible  difference  for  boys.    '  NG^  number  of  girls. 
FB,  per  cent  of  data  of  boys  showing 

no  discrimination.  | 

In  this  test  the  advantage  is  slightly  in  favor  of  the  girls.  The 
curves  cross  and  re-cross  so  frequently,  however,  that  no  very  plain 
statement  as  to  comparison  of  sexes  can  be  given.  The  boys  start  at 
6  with  the  advantage  of  the  girls,  but  at  17  the  girls  take  the  lead. 
By  making  a  general  average  of  all  ages  for  all  the  boys  and  all  the 
girls,  the  advantage  of  girls  over  boys  is  only  one-tenth  of  the  differ- 
ence between  the  successive  shades.     Yet,  girls  have  the  additional 
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advantage  in  that  only  l^.l^  of  the  girls  failed  to  discriminate  at  all, 
while  22.3  ^  of  the  boys  failed  in  so  doing.  This  throws  the  final 
balance  somewhat  in  favor  of  the  girls.     The  curve  of  this  sense, 


Fig.  8.    Chart  III. 

IJoys  and  arirls* 

Doys. 


Girls. 


Fio.  9.    Chart  IV. 
Statistical  mean  variation. 


chart  II,  shows  the  most  gradual  increase  in  discriminative  ability  of 
any  worked  out  and  it  will  also  be  noted  that  the  same  general  regu- 
larity in  decrease  of  variation  is  shown  in  chart  IV,  with  a  slight 
divergence  at  13,  due  probably  to  puberty. 


Test  (3):  Force  of  suggestion. 

We  are  continually  translating  sensations  gained  from  one  sense 
into  terms  of  another  sense.  In  walking,  or  reaching  for  articles  in 
the  dark,  we  always  imagine  how  things  ought  to  look  and  then 
translate  these  ideas  of  sight  into  muscle  sensations  in  guiding  our 
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muscles.  In  reaching  for  the  door-knob  with  closed  eyes  one  always  , 
guides  his  hand  by  translating  how  the  extended  hand  looks  into  how 
it  should  feel.  The  experiments  of  this  test  were  taken  with  a  view 
to  measuring  the  influence  of  the  interpretation  given  by  one  sense 
on  the  decision  of  another  sense,  the  result  being  expressed  as  a  func- 
tion of  the  age. 

The  results  obtained  are  recorded  in  table  III  and  charts  V  and 
VI.  In  considering  the  results,  columns  D  and  P,  B  and  PB^  0 
and  PO  of  table  II  have  to  be  taken  together  as  in  the  two  preced- 


Tabi.K  TTI. 

Force  of 

suggestion. 

ige. 

H 

P 

MV 

B 

PB 

G 

PO 

K 

KB 

NG 

6 

42.0 

36 

17.0 

43.5 

37 

42.5 

36 

92 

45 

47 

7 

45.0 

37 

15.5 

43.5 

35 

43.5 

39 

95 

50 

45 

8 

47.5 

27 

13.5 

45.0 

27 

49.5 

36 

92 

46 

46 

9 

500 

36 

10.5 

50.0 

38 

49.5 

35 

94 

47 

47 

10 

43.5 

23 

12.5 

40.0 

18 

44.0 

27 

91 

49 

42 

11 

40.0 

22 

11.5 

38.5 

11 

40.0 

14 

91 

43 

48 

12 

40.5 

15 

9.0 

38.0 

12 

41.0 

18 

103 

54 

49 

13 

38.0 

8 

9.0 

37.0 

8 

38.0 

9 

103 

45 

58 

14 

34.5 

7 

9.5 

31.0 

8 

33.5 

2 

100 

47 

53 

15 

35.0 

12 

10.5 

33.0 

2 

38.0 

20 

100 

49 

51 

16 

34.5 

6 

10.0 

32.0 

5 

38.5 

7 

86 

47 

39 

17 

27.0 

5 

12.0 

25.0 

1 

31.0 

10 

84 

43 

41 

5J  force  of  suggestion,  in  grams.  \  (7,  force  of  suggestion  for  girls,  in  grams. 

P,  per  cent,  of  data  in  which  the  force  of   PG^  per  cent  of  data  for  girls  in  which  the 

suggestion  exceeded  65  grams.  force  of  suggestion  exceeded  65  grams. 

MV^  statistical  mean  variation.  i  N^  number  of  children. 

B,  force  of  suggestion  for  boys,  in  grams.      NB^  number  of  boys. 
PB.  per  cent  of  data  for  boys  in  which  the  \  NGj  number  of  girls. 

force  of  suggestion  exceeds  65  grams.      I 


ing  tests.  The  figures  of  columns  P,  PB  and  PQ  of  table  III  in- 
dicate the  per  cent,  of  data  in  which  the  extremes  of  the  series  of 
fourteen  blocks  were  picked  out  as  of  the  same  weight  as  the  respec- 
tive standards  to  be  compared.  The  figures  at  the  left  of  the  chart 
indicate  in  grams  the  amount  of  error  made  in  estimating  the  differ- 
ences in  weight  between  the  large  and  small  blocks.  Ages  are  marked 
at  the  bottom  of  the  chart.  As  explained  under  apparatus  fpr  test 
(3),  the  large  and  small  blocks  were  both  exactly  alike  in  weight,  but, 
owing  to  the  difference  in  size,  the  child's  judgment  as  to  what  the 


MentcU  and  physical  development  of  school-children.  61 

blocks  should  weigh  by  muscle-sense  was  so  influenced  by  the  sugges- 
tion from  the  eye  as  to  what  their  relative  weight  should  be  if  judged 
from  sight,  that  e.  g.  at  6  they  thought  there  was  a  difference  of  42» 
between  them.  In  addition  to  this,  in  30^  of  the  data  more  difference 
was  made  between  them  than  could  be  measured  by  the  limits  of  my 


Fig,  10.    Chart  V. 

Boys  and  arirls. 

Roys. 


Glrla. 


Fio.  11.    Chart  VI. 
Statistical  mean  variation. 


fourteen  weights,  viz :  65*.  At  V  they  were  influenced  by  the  sugges- 
tion of  sight  even  more  than  at  6.  At  7  they  made  a  difference  of  46«^ 
between  the  blocks  while  37^  said  there  was  more  difference  in  their 
respective  weights  than  my  weights  would  measure,  viz  :  65^.  The 
influence  of  the  suggestion  gradually  increased,  reaching  its  maxi- 
mum at  9  where  the  average  child  thought  there  was  a  difference 
of  50^^  which  is  almost  as  much  as  the  weight  of  the  blocks  them- 
selves, viz:  55^.  In  addition  to  this,  at  V,  still  36^  judged  the 
difference  larger  than  65*  which  was  the  limit  of  my  test.  From 
9  to  IV  this  influence  gradually  decreased,  the  muscle-sense  gradually 
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learning  to  correct  the  suggestion  given  by  sight  as  to  what  the 
relative  weight  should  be.  At  17  the  large  difference  of  27«  in 
weight  was  made  between  the  two  blocks  while  still  6<^  were  found 
whose  error  of  judgment  fell  beyond  the  limits  of  measurement. 
As  seen  in  columns  By  PB^  G  and  PG  of  table  III  and  also 
as  seen  in  curves  on  chart  V  a  marked  difference  may  be  noted 
between  boys  and  girls.  Boys,  being  influenced  more  by  the 
suggestion,  are  slightly  worse  at  6  than  girls  ;  at  7  both  are  equal ; 
but  thereafter  girls  are  considerably  worse  than  boys  with  one 
exception  at  9,  where  the  girls  and  boys  may  again  be  said  to  be 
the  same  since  the  difference  is  only  one-half  a  gram.  The  deflection 
of  the  curve  at  age  14  from  its  general  trend  is  again  noticeable, 
that  of  the  girls  being  most  marked.  It  is  to  be  presumed  that  the 
child  grows  worse  from  6  to  9  because  at  6  he  has  not  yet  learned  to 
compare,  and  that  as  he  learns  gradually  to  judge  of  a  thing  from 
more  aspects  than  one,  or,  in  other  words,  learns  to  interpret  one 
sense  by  another,  the  force  of  the  suggestion  given  by  the  eye  to  the 
muscle  increases  until  at  9  he  has  come  to  the  age  of  experience 
enough  to. see  that  things  are  not  always  what  they  seem.  Conse- 
quently at  this  age  he  begins  to  correct  misleading  influences  bear- 
ing upon  him.  This  error  can  never  be  wholly  eliminated,  for  in  all 
my  experiments  on  old  as  well  as  young,  I  have  found  no  one  who 
was  not  subject  to  the  illusion.  The  small  one  was  universally  chosen 
as  the  heavier  of  the  two  and  not  infrequently  was  it  judged  to  be 
more  than  twice  as  heavy,  even  by  adults.  All  those  who  judged 
that  there  was  more  difference  in  weight  between  the  two  blocks 
than  65* — the  limit  of  my  test — it  will  be  easily  seen,  made  the 
smaller  one  more  than  five  times  as  heavy  as  the  larger  one.  Refer- 
ence to  column  P,  table  III,  age  7,  shows  that  at  that  age  37^^  gave 
the  judgment  that  the  large  one  weighed  15^  or  less  while  the  small 
one  weighed  80^  or  more.  Since  16^  and  80*^  were  the  lightest  and 
heaviest  blocks  respectively  in  my  series  of  fourteen,  and,  since  so 
many  picked  out  these  two  extremes,  it  is  highly  probable  that  quite 
a  number  would  have  made  a  much  greater  difference  than  d5» 
between  the  weights. 

The  blocks,  of  course,  are  seen  before  being  lifted  and  immediately 
upon  seeing  them  one  judges  by  sight  that  the  larger  one  ought  to  be 
much  the  heavier.  However,  upon  lifting  and  receiving  about  the 
same  sensation  in  weight  from  both  we  are  immediately  led  to  reverse 
our  decision  and  judge  the  smaller  one  to  be  the  heavier. 
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On  the  whole,  variation  decreases  with  advance  in  age.  In  the 
main  curve,  chart  V,  the  child  becomes  worse  in  his  judgment  from 
6  to  9.  In  variation,  chart  VI,  he  becomes  better.  In  the  main 
curve  at  9  he  becomes  better.  In  variation  curve  he  becomes  worse. 
At  ten  the  variation  again  becomes  subject  to  the  more  general  law, 
however,  of  decrease  with  age.  The  particular  law,  however,  that 
for  short  periods  in  the  development  where  ability  increases  variation 
increases,  is  substantiated  by  a  large  })roportion  of  cases  in  each  curve 
which  represent  a  larger  proportion  of  mental  activity. 


Test  (4)  :    Volimtary  jnotor  ability. 

In  column  T  of  table  IV  are  recorded  the  number  of  taps  the 
average  child  can  make  in  five  seconds  for  the  respective  ages.  The 
results  are  given  in  graphic  form  in  charts  VII  and  VIII.  The 
ages  are  marked  along  the  axis  of  abscissas,  and  the  figures  to  the 
left  along  the  axis  of  ordinates  represent  the  number  of  taps  made 
in  five  seconds.  B  and  G  of  the  same  table  are  the  averages  for 
boys  and  girls  respectively.  The  average  child  at  6  years  taps  20.8 
times  in  five  seconds.  From  6  there  is  a  gradual  increase  until  the 
age  12,  reaching  at  that  age  a  rapidity  of  29.9  taps  in  five  seconds. 
At  13,  however,  this  is  lowered  to  28.9  taps  in  five  seconds.  From 
this  there  is  the  gradual  increase  again,  reaching  the  maximum  at  17 
with  a  rate  of  tapping  amounting  to  33.8  taps  in  five  seconds.  The 
data,  when  calculated  for  boys  and  girls  separately,  show  throughout 
a  higher  rate  of  tapping  for  boys  than  for  girls.  Boys  at  6  tap  21 
times  while  girls  tap  only  19.7  times  in  the  five  seconds.  As  the 
increase  in  ability  goes  on,  boys  always  excel  in  about  the  same  pro- 
portion except  at  14  and  17  where  the  difference  is  much  more 
apparent.*  Both  fall  off  considerably  from  12  to  13.  At  thirteen 
however,  the  boys  regain  their  lost  footing  and  begin  to  increase 
again  as  rapidly  as  they  did  before  12.  The  girls,  however,  continue 
to  lose  until  14  before  beginning  to  gain  again.  From  16  to  17  they 
fall  off  once  more.  The  divergence  in  this  as  well  as  the  preceding 
curves  at  the  period  from  12  to  14  is  undoubtedly  due  to  the  effects 
of  puberty.  This  would  contradict  somewhat  the  statement  of 
Bubnham'  who  says  that   at  puberty  there  is  a  great  increase  of 


^  Bryan,  On  the  development  of  voluntary  motor  dbHity^  Am.  Jour.  Psych.,  1893  Y 
173. 
'BuENHAH,  The  study  of  adolescence^  Fed.  Sera.,  1892  I  181. 
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vitality  and  energy  and  also  greater  mental  activity.  The  former  is 
undoubtedly  true  but  whether  the  latter  is  a  justifiable  conclusion 
therefrom  is  very  doubtful.  My  curves  throughout  rather  seem  to 
justify  the  opinion  of  Lange'  that  physical  development  takes  up 
the  strength  and  thus  retards  the  mental  development. 


Table  IV. 

Voluntary  motor  ahility. 

Age. 

T 

MV 

B 

MV 

G 

MV 

N 

NB 

KG 

6 

20.8 

2.4 

21.0 

2.6 

19.7 

2.5 

98 

49 

49 

7 

22.6 

2.9 

22.8 

2.7 

21.2 

2.6 

98 

60 

48 

8 

24.4 

2.9 

24.9 

3.4 

23.9 

2.2 

96 

49 

47 

9 

25.4 

2.6 

25.8 

2.5 

25.0 

2.9 

99 

50 

49 

10 

27.0 

2.8 

27.7 

2.6 

26.9 

2.8 

97 

50 

47 

11 

29.0 

3.3 

29.7 

3.2 

27.8 

3.0 

101 

60 

61 

12 

29.9 

?.3 

30.3 

3.1 

29.6 

3.0 

106 

56 

50 

13 

28.9 

2.8 

29.8 

3.0 

28.1 

3.3 

no 

59 

61 

14 

30.0 

3.6 

31.2 

3.2 

28.0 

3.4 

104 

50 

54 

15 

31.1 

3.0 

31.3 

2.6 

29.8 

3.2 

101 

61 

60 

IG 

32.1 

3.3 

33.0 

3.0 

31.8 

3.4 

87 

48 

39 

n 

33.8 

2.9 

35.0 

2.4 

31.5 

2.3 

91 

47 

44 

J,  number  of  tapfl  in  five  seconds.  MV^  statistical  mean  variation  for  girls. 

Jf  r,  statistical  mean  variation.  N^  number  of  children. 

B,  numlx?r  of  taps  for  boys.  NB^  nuinljer  of  bojs. 

M  V,  statistical  mean  variation  for  boys.  NG^  number  of  girts. 
6?,  number  of  taps  for  girls. 


However  that  may  be,  for  some  cause  or  other,  the  children  must 
have  labored  under  some  disadvantage  in  almost  all  my  tests  at  the 
period  about  13.  Bryan's  children'  labored  under  some  similar  dif- 
ficulty at  about  13.  The  individual  rate  of  tapping  varied  from  14 
taps  in  five  seconds  by  a  couple  of  children  6  years  old  to  46  taps  in 
five  seconds  by  a  boy  17  years  of  age.'  The  average  variations  for 
each  age  can  be  seen  by  referring  to  table  IV  and  chart  VIIL 


*  Lange,  Uber  eine  Jiaufig  vorkommende  Ursache  von  der  langsamen  uitd  mangtXhaflen 
geistifjen  Entwicklun^  (kr  Kinder,  7X.  Psych.  Pliys.  Sinn.,  1893  VII  96. 

«  Am.  Jour.  Psych.  1893  V  204  charts  I  to  V. 

'No  set  umplitudo  of  movement  was  given,  thus  allowing  the  child  to  choose  that 
best  adapted  to  rapidity  for  himself  AmpHtude  of  movement,  however,  makes  no 
special  difference  in  rapidity ;  cf.  Bryan,  Voluntary  motor  ability^  Am.  Jour.  Psych., 
1893  V  160,  176. 
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Fio.  12.    Chabt  VII. 

Boys  and  girls. 

Boys. 


Girls. 


/J      •    Jf  ^'f'         /^  '> 


Fio.  13.    Chart  VIII. 

Statistical  mean  variation. 
Statistical  moan  variation  for  boys. 
Statistical  mean  variation  for  girls. 


The  mean  variations  for  the  total  result  of  boys  and  girls  combined 
were  calculated  as  well  as  for  boys  and  girls  separately,  and  are 
found  recorded  in  columns  MV^  MV  and  MV"  respectively.  A 
graphic  presentation  of  the  same  is  also  given  in  chart  YIIL 
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TESt  (5):  Fatigue. 

After  tapping  for  45  seconds  fatigue  entered  into  the  results  very 
noticeably.  Column  JF'  of  table  V  gives  the  per  cent,  of  loss  between 
the  rapidity  of  tapping  for  the  first  5  and  that  for  the  last  5  of  45 
seconds.  Columns  -S  and  G  give  the  same  calculation  for  boys  and 
girls  respectively.  MV  denotes  the  amount  of  deviation  of  each 
result  from  the  general  average  while  MV  and  MV"  indicate  the 
same  for  boys  and  girls  respectively.     The  same  results  are  to  be 


Table 

V. 

Fatigue. 

Age 

F 

MV 

B 

Mr 

G 

Mjr 

.V 

NB 

NG 

6 

21.4 

8.1 

22.8 

9.4 

21.3 

7.0 

98 

49 

49 

7 

21.0 

8.9 

22.5 

9.7 

20.2 

6.7 

98 

50 

48 

8 

24.0 

7.3 

24.7 

8.3 

23.3 

7.1 

96 

49 

47 

9 

21.0 

7.1 

22.5 

6.7 

20.7 

7.8 

99 

50 

49 

10 

22.0 

7.6 

22.7 

7.8 

19.0 

7.1 

97 

50 

47 

11 

20.0 

6.2 

20.3 

6.5 

18.0 

5.5 

101 

60 

51 

12 

16.0 

6.3 

18.0 

6.0 

14.0 

6.7 

106 

66 

60 

13 

14.5 

6.4 

15.8 

6.7 

14.7 

5.8 

110 

59 

51 

14 

14.0 

6.5 

17.8 

6.2 

12.0 

6.1 

104 

50 

54 

15 

12.7 

5.8 

13.8 

4.9 

11.5 

6.7 

101 

51 

50 

16 

14.7 

5.2 

16.3 

4.6 

11.7 

5.6 

87 

48 

39 

17 

13.8 

5.3 

14.6 

6.3 

13.5 

4.3 

91 

47 

44 

Ft  per  cent,  of  loss  in  rapidity  of  tap- 
ping after  tapping  46  seconds. 
MV,  statistical  mean  variation. 
B,  per  cent  of  loss  in  rapidity  for  boys. 
MVf  statistical  mean  variation  for  boys. 


Gt  per  cent  of  loss  in  rapidity  for  g^rls. 
MV^  statistical  mean  variation  for  g^rls. 
N,  number  of  children. 
NB,  number  of  boys. 
NGf  number  of  girls. 


found  in  graphic  form  in  charts  IX  and  X.  Ages  are  marked  at 
the  bottom.  The  figures  to  the  left  of  the  chart  indicate  the  per 
cent  of  loss  in  rapidity  of  tapping  between  that  of  the  first  five  and 
that  of  the  last  five  seconds.  The  average  child  at  6  loses  21.4^ 
after  tapping  45  seconds.  From  6  to  7  a  slight  gain  is  made,  the 
loss  by  fatigue  being  21^  at  7.  At  8,  however,  the  effect  of  fatigue 
is  much  more  marked,  this  being  the  age  at  which  the  child  loses 
most  rapidly  ;  here  there  was  a  loss  of  24^.  After  8  the  fatigue  is 
less  and  less  noticeable  till  the  age  of  15  where  it  was  least  marked, 
being  only  12,1^.  From  15  to  16  it  again  becomes  more  marked,  & 
loss  of  14.7^  occurring  at  16  with  a  succeeding  gain  again  at  17, 
where  it  was  13.8;^. 

When  these  data  are  calculated  for  boys  and  girls  separately,  it 
becomes  evident  that  girls  tire  more  easily  at  13  than  at  12  while 
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Fig.  14.   Chart  IX 
Boys  and  irlrla. 
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Fig.  15.    Chart  X 

Statistioal  mean  variation. 
Statlatioal  mean  variation  for  boyi. 
Statiatical  mean  variation  for  girls. 


for  boys  this  yariance  comes  a  year  later  between  1«3  and  14.    As  in 
almost  all  of  the  charts  representing  mental  research,  there  seems 
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to  be  a  marked  turn  in  the  life  of  the  child  at  7.  This  divergence 
is  brought  out  very  plainly  also  by  the  mean  variations  shown  in 
chart  X  for  ages  6  and  V. 

Boys  tire  more  quickly  throughout  in  voluntary  movement  than 
girls.  But  the  statement  that  boys  tire  more  easily  than  girls  could 
scarcely  be  made  upon  the  basis  of  my  data  for  it  will  be  remembered 
that  the  rate  of  tapping  by  the  boys,  as  shown  by  table  lY  and 
chart  VII,  was  faster  than  that  by  the  girls.  The  statement  that 
boys  tire  more  easily  is  unwarrantable,  for,  by  averaging  and  com- 
paring the  rate  of  tapping  for  all  boys  and  girls  separately,  it  is 
found  that  the  girls  on  the  whole  tap  slower  than  the  boys  who  lose 
but  little  more  than  the  girls  by  fatigue,  leaving  the  balance  in  favor 
of  boys.  The  average  boy,  including  all  ages,  taps  29.4  times  in 
five  seconds,  the  average  girl  taps  26.9  times,  thus  tapping  8.5^ 
slower  than  boys.  The  average  boy,  including  all  ages,  loses  18.1^ 
by  fatigue  ;  the  average  girl  loses  16.6^.  In  other  words,  the  boys 
lose  1.5^  more  by  fatigue  than  girls  and  yet  boys  tap  8.5^  faster  than 
girls.  This  leaves  the  balance  greatly  in  favor  of  boys  when  volun- 
tary motor  ability  and  fatigue  are  considered  together. 

Test  (6):  Weight. 
Column  W  of  table  VI  indicates  the  weight  in  pounds  according 


Table  VI. 

Weight. 

Age, 

W 

MV 

B 

Mr 

G 

MV 

'      A 

B 

C 

N 

NB 

NQ 

6 

46.0 

4.6 

46.8 

4.4 

44.3 

4.3 

43.3 

46.8 

49.0 

98 

50 

48 

7 

51.0 

4.8 

51.2 

4.7 

50.4 

4.4 

48.3 

51.0 

51.5 

98 

60 

48 

8 

53.0 

5.9 

52.5 

6.0 

53.0 

e.i 

53.3 

53.5 

53.3 

96 

49 

47 

9 

59.5 

6.2 

60.0 

9.9 

58.8 

6.8 

59.0 

59.0 

61.5 

97 

49 

48 

10 

66.5 

7.7 

68.4 

6.9 

62.7 

7.4 

67.2 

64.5 

66.8 

96 

60 

46 

11 

70.0 

7.8 

70.8 

6.7 

70.0 

6.0 

70.0 

70.0 

66.5 

101 

61 

60 

12 

8H.5 

12.3 

82.3 

6.7 

84.5 

11.5 

83.0 

83.3 

87.8 

106 

66 

60 

13 

89.5 

11.6 

88.0 

9.4 

92.0 

10,6 

82.2 

92.3 

86.0 

110 

69 

61 

U 

96.0 

15.4 

91.7 

15.8 

98.0 

13.3 

98.6 

98.8 

90.3 

104 

60 

64 

15 

105.0 

13.7 

110.0 

15.4 

104.0 

10.5 

105.5 

106.0 

105.0 

102 

61 

61 

16 

119.8 

15.4 

127.0 

11.9 

113.0 

11.7 

116.0 

124.5 

118.3 

87 

48 

39 

n 

122.0 

14.9 

130.0 

11.3 

113.7 

15.1 

120.0 

122,8 

125.0 

90 

46 

44 

VV,  weight 

t  in  pounds. 

A, 

weiglit 

of  bright  children. 

MV,  statistical  mean  variation. 

B, 

weight 

of  average  children. 

B. 

weiglit  of  boy! 

3. 

c, 

weight  of  dull  children. 

M  F',  statistical  mean  variation  for  boys.  \  N^  number  of  children. 
6?,  weight  of  girls.  •  NB^  number  of  boys. 

MV\  statistical  mean  variation  for  girls,  j  NG^  number  of  girls. 
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Fio.  16.    Chabt  XI. 

Boyi  and  arlrls. 

Boys. 

Glrto. 


Fig.  17.     Chart  XTI. 

Statistical  mean  variations. 

Statistical  mean  variation  for  boys. 

-—  Statistical  mean  variation  for  ffirls. 
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to  age.  The  individual  weights  were  taken  in  quarter-pounds.  The 
weights  of  boys  and  girls  separately  are  to  be  found  in  columns  B 
and  G,  In  chart  XI  the  ages  are  at  the  bottom  and  the  weight  in 
pounds  to  the  left  of  the  chart.  The  figures  at  the  left  of  chart  XII 
indicate  the  variation  in  pounds.  The  average  weight  at  6  years  was 
46  pounds;  this  in  general  increases  with  advance  in  age,  the  weigbt 
at  17  being  122  pounds.  Certain  differences  are  noticeable  in  the 
relative  rapidity  of  growth  between  different  ages.  Boys  have  their 
most  rapid  growth  between  14  and  16,  increasing  in  weight  18.3 
pounds  between  14  and  15,  and  17  pounds  between  15  and  16,  but 
between  16  and  17  the  increase  in  weight  is  very  slight  indeed,  being 
only  3  pounds.  The  most  rapid  growth  for  girls  occurs  between  11 
and  12,  being  14.5  pounds.  Up  to  the  age  12  boys  and  girls  seem  to 
grow  in  about  the  same  proportions,  boys  being  slightly  heavier  than 
girls.  Between  11  and  12  the  order  is  reversed,  girls  growing  faster 
and  becoming  heavier  than  boys  ;  they  remain  heavier  until  between 
14  and  15.  Between  14  and  16  boys  again  begin  very  rapid  growth 
and  from  then  on  are  much  heavier  than  girls. 

At  the  age  11,  as  shown  in  chart  XI,  the  girls  begin  the  period  of 
most  rapid  growth.  Chart  XII,  showing  the  mean  variation  for 
weight,  indicates  also  a  sudden  rise  in  the  mean  variation  at  that 
time.  In  weight  the  mean  variation  increases  with  advance  in  years. 
The  contrary  was  true  in  the  three  preceding  curves  where  mental 
work  was  involved.  It  will  be  remembered  also,  that  in  the  preced- 
ing curves,  wherever  there  was  a  sudden  decrease  between  two  suc- 
cessive ages  in  ability  to  discriminate,  there  was  a  sudden  decrease 
in  the  mean  variation  for  the  corresponding  period.  In  these  purely 
physiological  data,  however,  the  opposite  seems  to  be  true.  The 
mean  variation  in  chart  XII  rises  at  the  point  corresponding  to  the 
one  in  chart  XI  where  the  rapid  growth  of  the  girls  begins.  Boys 
in  chart  XI  begin  their  rapid  growth  later  than  girls  and  in  chart 
XII  the  sudden  rise  in  the  mean  variation  for  the  boys  begins  a  year 
later.  From  the  comparison  for  "  bright,"  "  average  "  and  "  dull " 
the  same  negative  conclusion  is  to  be  drawn  as  in  the  following  test. 


Test  (7):  Hetght 

The  height  was  taken  in  tenths  of  a  centimeter.  Column  -ff  of 
table  VII  is  the  record  of  height,  the  upper  figures  of  each  age  being 
in  inches,  the  lower  in  centimeters  and  tenths.  The  height  of  boys 
and  girls  separately  is  to  be  found  under  B  aud   G  respectively. 
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The  average  individual  mean  variations  for  all  combined  and  for 
boys  and  giris  separately  are  expressed  in  columns  MV^  MV  and 
MV  respectively.  The  figures  on  the  left  of  chart  XIII  indicate 
the  height  in  centimeters.  Those  at  the  left  of  chart  XIV  indicate 
the  variations  in  centimeters.  The  ages  are  marked  below  in  both 
charts.  Almost  precisely  the  same  laws  appear  here  in  regard  to 
rapidity  of  growth  for  the  different  sexes  as  appeared  in  the  figures 
for  weight.  At  0  the  boys  are  114.5^™  high,  the  girls  114.0^'".  Both 
boys  and  girls  grow  with  about  the  same  rapidity,  the  boys  being  the 
taller,  until  between  11  and  12;  here  the  girls  grow  much  more 
rapidly  and  are  the  taller  until  between  14  and  15,  where  the  boys 
are  taller.  The  girls  become  more  nearly  stationary  in  height  after 
15,  while  boys  make  exceedingly  rapid  progress  from  14  on.  At  17 
the  height  of  boys  was  110.5'"",  of  girls  108.6'^'".  Just  before  pub- 
erty is  the  period  of  most  rapid  growth  for  girls  while  the  period  of 
most  rapid  growth  falls  later  for  boys,  beginning  at  14. 

The  statement  has  been  made  by  Porter  that  the  brighter  the 
child  the  taller  he  is.*  Brightness  and  dullness,  however,  in  his  tests 
were  decided  by  examination-grades,  which,  it  is  needless  to  say, 
are  often  very  poor  mental  tests.  In  my  results  no  such  relation 
could  be  traced.  My  data  are  based  upon  the  judgment  of  the 
teacher  as  to  what  she  considered  to  be  the  general  mental  ability  or 
"stand"  of  the  child  as  it  is  sometimes  called.  This  is  really  more 
accurate  than  a  system  of  set  examinations.  The  results  as  tabulated 
in  columns  A,  B  and  G  of  table  VII,  represent  the  heights  of  the 
children  graded  according  to  the  judgment  of  the  teacher  under 
whom  they  fell,  A  being  bright,  B  those  of  average  ability,  and  C 
those  who  were  dull  mentally.  In  the  same  results,  when  jiut  in 
graphic  form,  the  lines  cross  and  re-cross  too  frequently  to  be  of  any 
value  on  such  a  point  except  to  give  the  negative  result  as  disproof 
of  the  statement  referred  to  above. 

The  mean  variations  in  chart  XIV  furnish  one  marked  exception 
in  the  curve  for  boys  to  the  rule  applying  so  well  to  weight  and  even 
still  more  forcibly  corroborated  by  the  next  curve  of  variation  for 
lung  capacity,  chart  XVI.  Chart  XIV  for  variations  in  height  is 
not  without  points  verifying  the  rule,  however.  Variations  increase 
in  size  with  advance  in  age.  Following  the  curve  for  girls,  at 
10  and  11,  where  the  period  of  very  rapid  growth  begins  to  show 


*  Porter,  The  growth  of  St.  IjaiIs  children,  Trausactions  of  the  Academy  of  Science 
of  St.  Louis,  1894  VI  335. 
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Tabus  VII. 

Height. 

Age,    H 

MV 

B 

MV 

G      MV 

A 

B 

C 

N 

NB  KG 

45.4 

1.6 

45.0 

1.6 

44.9 

1.4 

44.2 

46.2 

45.6 

6     115.4 

3.9 

114.5 

3.9 

114.0 

3.6 

112.3 

114.8 

115.8 

98 

50 

48 

47.3 

1.6 

47.1 

1.6 

46.9 

1.5 

47.4 

46.8 

47.6 

7     120.2 

4.0 

119.8 

4.0 

119.1 

3.5 

120.5 

119.0 

121.0 

98 

60 

48 

49.3 

2.0 

48.9 

1.8 

48.4 

1.8 

48.5 

48.4 

48.2 

8     125.2 

4.9 

124.2 

4.4 

123.0 

4.4 

123.3 

122.8 

122.3 

96 

49 

47 

61.2 

2.1 

51.2 

2.0 

50.8 

1.8 

51.0 

50.9 

50.9 

9     130.2 

5.3 

130.2 

5.1 

129.0 

4.5 

129.4 

129.2 

129.3 

97 

49 

48 

53.0 

2.0 

53.0 

1.7 

52.8 

2.1 

52.9 

63.0 

53.0 

10     134.6 

4.9 

134.6 

4.3 

134.0 

5.2 

134.4 

134.6 

134.5 

96 

60 

4e 

55.9 

2.4 

55.9 

2.0 

54.6 

2.2 

55.1 

64.9 

55.9 

11     142.0 

6.0 

142.0 

60 

138.6 

5.6 

140.0 

139.4 

142.7 

101 

51 

50 

57  3 

2.4 

57.0 

2.2 

57.9 

2.5 

57.6 

67.3 

59.0 

12     145.5 

6.1 

144.8 

5.6 

147.1 

6.3 

146.2 

145.5 

150.0 

106 

56 

60 

59.9 

2.6 

58.8 

2.2 

60.4 

2.3 

5S.0 

60.5 

58.8 

13     151.0 

6.4 

149.4 

5.6 

153.4 

5.8 

147.2 

153.8 

149.3 

110 

61 

69 

60.9 

3.2 

59.3 

3.4 

61.4 

2.8 

61.1 

60.7 

60.4 

• 

14     154.7 

8.1 

160.5 

8.7 

155.9 

7.1 

165.2 

154.2 

153.3 

104 

50 

64 

62.7 

2.9 

62.8 

3.2 

62.6 

2.1 

64.5 

62.6 

62.2 

15     159.2 

7.4 

159.5 

8.0 

158.8 

6.3 

163.8 

159.0 

158.0 

102 

61 

61 

64.9 

2.4 

65.7 

2.2 

62.5 

2.1 

650 

65.5 

65.0 

16     1648 

6.0 

167.0 

5.4 

168.8 

5.2 

165.1 

166.3 

165.2 

87 

48 

30 

65.6 

2.3 

67.1 

1.3 

63.6 

1.9 

66.5 

65.6 

65.2 

17     166.6 

5.9 

170.5 

3.2 

161.6       * 

i.7 

169.0 

166.6 

165.6 

91 

47 

44 

Upper  figii 

res  are  inches 

;  lower  figures 

JbTF*,  statistical  mean 

variation  for  girls. 

are  centimeters 

1. 

A, 

height  of 

bright  children. 

IT,  height. 

B. 

height  of 

average  children. 

l/T,   statistical  mean   variation 

for  totAl 

C,] 

leight  of  dull  children. 

result 

a; 

Dumber  of  children 

• 

B,  height  of  boys. 

NB,  number  of  boys. 

Jf  F',  statistical  mean  variation  for  boys. 

NG,  number  of  girls. 

G^  height  of  girls. 

itself,  the  variation  rises  rapidly.  At  12,  after  the  most  rapid  sec- 
tion of  increased  rate  of  growth  is  completed,  the  variation  falls. 
With  the  exception  of  the  one  point  at  14,  chart  XIV,  which  is  prob- 
ably due  to  puberty,  the  curve  of  variations  gradually  decreases  with 
the  corresponding  decrease  in  rapidity  of  growth,  shown  in  chart 
XIII.     The  curve  for  boys  contradicts  the  rule.     There  is  no  evident 
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cause  for  the  sudden  fall  in  variation  from  0  to  10  and  again  at  14. 
The  carve,  instead  of  rising  with  the  rapid  growth  shown  in  chart 
Xllly  falls  rapidly  till  the  age  17. 


Fio.  18.    Cbart  XIII. 

— • Boys  and  girls. 

Boys. 


Girls. 


7?  77  72  7T 

Pio.  19.    Chart  XIV. 

— ^— ^  Statistical  mean  variation. 

Statistical  mean  variations  for  boys. 

Statistical  mean  variations  for  ffirls. 
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Test  (8):  Lung-capacity, 

The  figures  in  column  LC  oi  table  VIII  indicate  the  lung-capacity 
for  the  corresponding  ages  given  in  the  first  column.  The  upper 
figures  of  each  age  represent  the  number  of  cubic  inches  ;  the  lower 
figures  represent  the  number  of  cubic  centimeters.  These  results  are 
also  placed  in  graphic  form  in  chart  XV,  the  figures  at  the  left  indi- 
cating the  number  of  cubic  centimeters,  those  at  the  bottom  indicat- 
ing the  ages. 

Table  YIII. 

Luntj-caimcity. 


Age. 


8 


9 


10 


11 


12 


13 


U 


15 


16 


17 


LC 

MV 

B 

MV 

G 

J/F' 

A 

B 

C 

62.0 

9.7 

56.0 

9.6 

50.0 

9.5 

52.3 

51.3 

49.0 

832 

155 

896 

162 

800 

152 

837 

821 

784 

63.0 

11.8 

66.0 

11.2 

54.0 

11.1 

67.0 

60.0 

67.0 

1008 

189 

1056 

179 

864 

178 

1072 

960 

1072 

72.0 

12.3 

73.0 

11.3 

66.0 

10.5 

72.5 

68.5 

67.0 

1152 

197 

1168 

181 

1056 

168 

1160 

1096 

1072 

78.0 

13.8 

83.0 

16.3 

72.5 

9.8 

78.0 

72.0 

81.0 

1248 

221 

1328 

261 

1160 

157 

1248 

1152 

1296 

87.5 

14.3 

91.5 

15.4 

82.0 

14.3 

90.0 

84.0 

80.5 

1400 

229 

1464 

246 

1312 

229 

1440 

1344 

1288 

91.0 

15.9 

104.0 

15.1 

83.0 

10.4 

95.0 

90.0 

91.0 

1456 

254 

1664 

242 

1328 

166 

1520 

1440 

1456 

109.0 

16.6 

113.5 

14.1 

104.0 

14.8 

108.0 

110.0 

113.0 

1744 

266 

1816 

226 

1661 

237 

1728 

1760 

1808 

115.0 

19.4 

120.0 

17.5 

105  0 

18.8 

116.0 

116.0 

102.0 

1840 

292 

1920 

280 

1680 

301 

1856 

1856 

1632 

117.6 

22.7 

125.0 

23.9 

105.0 

17.4 

119.5 

118.5 

97.6 

1880 

363 

2000 

382 

1680 

278 

1912 

1896 

1560 

131.3 

22.3 

161.0 

29.8 

116.0 

15.5 

143.5 

123.0 

131.0 

2101 

366 

2576 

477 

1856 

248 

2296 

1968 

2096 

149.0 

39.0 

187.0 

30.8 

115.0 

16.1 

137.0 

166.3 

128.6 

2384 

624 

2992 

493 

1840 

258 

2192 

2660 

2056 

156.0 

42.0 

2040 

33.4 

118.5 

18.6 

180.0 

129.5 

169.0 

2496 

672 

3264 

534 

1896 

296 

2880 

2072 

2704 

N  NB  NG 


94     49     45 


96     48     48 


96     49     47 


94     48     46 


96     60     46 


100     49     61 


103     56     47 


107     50     57 


101     49     62 


102     51     61 


87     48     39 


91     47     44 


Upper   figures  arc  cubic   inches;    lower 

figures  are  cubic  centimeters. 
LC^  hmg-capaclty. 
i/T,  statistical  mean  variation  for    total 

result. 
JB,  lung-capacity  for  boys. 
iTT',  statistical  mean  variation  for  boys, 
(r,  lung-capacity  for  girls. 


J/F",  statistical  mean  variation  for  c^U. 
A,  lung-capacity  of  bright  children. 
^,  lung-capacity  of  average  children. 
6'  lung-capacity  of  dull  children. 
N,  number  of  children. 
NB,  number  of  boys. 
NG^  number  of  girls. 
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Fia.  20.    Chart  XV. 

Boys  und  girls. 

Iloys. 

Girls. 


Boys  have  &  larger  lung-capacity  than  girls  throughout.  At  6 
boys  have  a  capacity  of  896""'  while  the  girls  have  only  800"".  This 
difference  between  boys  and  girls  increases  but  very  slightly,  in  favor 
of  boys,  till  the  age  of  12  where  boys  have  a  capacity  of  1816"""  and 
girls  1664"".  From  this  age  on  the  development  of  girls  is  much 
slower.  Almost  no  growth  occurs  between  12  and  14.  From  14,  at 
which  age  their  lang-capacity  is  1C80"",  a  gain  is  made  to  185G"'"  at 
15.  From  15  to  17  almost  no  development  of  the  lungs  is  noticeable, 
for  at  17  they  have  attained  only  1896"".  The  curve  for  boys  shows 
a  marked  difference  from  that  of  girls.  About  the  same  rate  of 
growth  as  that  from  6  to  7  was  maintained  till  the  age  of  14,  at 
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which  age  their  lung-capaoity  was  2000*^^°.  While  the  girls  become 
nearly  stationary  at  12,  the  boys  do  not  begin  their  most  rapid 
growth  until  14.  Between  14  and  15  they  make  a  gain  of  676*^*",  and 
they  keep  up  this  rapid  growth  until  1 7,  which  is  as  far  as  my  experi- 
ments extended.  At  17  the  lungs  of  the  average  boy  contained 
3264ccm  .  thQge  of  the  average  girl  ISQO^^^*". 

The  mean  variations  are  put  in  graphic  form  in  chart  XVI.  The 
numbers  to  the  left  indicate  the  average  mean  variation  in  cubic 
centimeters. 
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Fio.  21.    Chart  XVI. 

Statistical  mean  variation. 

Statistical  mean  variation  for  boys. 

— Statistical  mean  variation  for  flrirls. 

The  mean  variation  increases  with  advance  in  years.  From  6  to 
13  there  is  a  gradual  rise  in  the  variation.  At  this  age  the  increase  in 
lung-capacity  almost  ceases  for  girls  and  so  also  does  the  variation. 
Chart  XV  shows  almost  no  increase  in  lung-capacity  between  the 
years  12  and  14.  The  variation  for  the  corresponding  years  in  chart 
XVI  shows  a  fall  but  with  a  rise  again  at  14  where  the  lung-capac- 
ity begins  to  increase  as  shown  by  chart  XV. 

At  13  for  boys  it  is  just  the  opposite.  Variations  rise  very  rapidly 
as  does  the  growth  in  lung-capacity,  the  latter  appearing  one  year 
later.  The  coincidence  between  changes  in  growth  and  changes  in 
variation  are  very  noticeable  in  all  the  physiological  curves. 

The  mean  variation,  for  both  boys  and  girls  combined,  as  is  shown  in 
the  solid  line  of  chart  XVI,  increases  very  rapidly  from  13  to  17 
owing  to  the  fact  that  girls  after  13  grow  but  little  more  while  boys 
undergo  most  rapid  growth  thereafter,  thus  of  course  throwing  the 
mean  variation  for  the  total  result  much  higher. 
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Test  (10):  Reaction-tifne, 

In  taking  ap  this  section  of  the  results  we  return  to  the  mental 
processes  in  contra-distinction  to  the  three  preceding  tests,  which 
were  purely .  physiological.  In  explaining  apparatus  and  methods, 
tests  (9)  and  (10)  were  treated  in  a  different  order  from  that  in 
which  they  were  taken,  here  it  seems  convenient  and  proper  also  to 
reverse  the  order  on  account  of  the  relative  complexity  of  the  two. 
The  simple  reaction  time  alone  will  be  considered  first.  In  the  fol- 
lowing three  tests  the  arithmetical  averages  were  calculated  as  well 
as  the  median  values.  In  order  to  show  the  difference  between  the 
results,  as  calculated  by  the  two  different  methods  I  have  tabulated 
the  arithmetical  averages  under  Tb,  and  the  median  values  under  !)[>'. 
The  same  comparison  is  drawn  by  the  graphic  method  in  the  chart, 
the  dotted  line  being  the  arithmetical  averages  and  the  solid  lines 
the  median  values.  In  order  to  illustrate  the  method  of  median 
values  I  have  selected  from  my  results  a  card  of  a  boy  8  years  old. 
The  point  of  objection  to  the  arithmetical  average  is  brought  out 
somewhat  more  plainly  in  the  following  figures  than  would  be  the 
case  with  the  average  card  but  by  choosing  a  somewhat  extreme  case, 
the  underlying  principle  can  be  most  easily  seen  and  the  difference 
made  all  the  more  forcible  for  illustration.  As  was  explained  under 
methods,  each  child  was  given  ten  trials.  The  results  for  the  ten 
reactions  of  this  8-year-old  boy  were  as  follows  :  24,  23,  48,  22,  21, 
24,  43,  21,  22,  19.  The  arithmetical  average  of  these  ten  is  26.7, 
whereas  the  median  value,  or  the  value  half  way  between  the  fifth 
and  sixth  counting  either  from  the  largest  or  from  the  smallest  as  1, 
is  22.5.  The  variations  of  each  result  from  the  mean  value  are  1.5, 
0.5,  26.6,  0.5,  1.6,  1.5,  20.5,  1.5,  0.5,  and  3.5  respectively,  making  a 
mean  variation  of  5.7.  A  glance  at  the  original  data  will  show  that 
in  order  to  get  what  we  would  consider  the  representative  reaction- 
time  of  that  boy,  48  and  43  ought  not  have  as  much  influence  given 
them  as  21,  22  and  23  which  fall  nearer  the  average.  By  the  median 
value,  instead  of  allowing  them  to  count  in  direct  proportion  to  their 
size,  they  are  rather  allowed  to  count  as  one  in  a  series  of  ten.  How- 
ever, these  extreme  data  such  as  48  and  43,  are  not  allowed  to  pass 
unnoticed  by  the  method  of  median  values  without  exciting  any  in- 
fluence whatever.  On  the  contrary  their  influence  is  felt  in  the 
mean  variation  for  the  child  where  their  effect  properly  belongs.  In 
this  the  average  of  mean  variations  for  the  child  is  5.7.  Had  it  not 
been  for  the  two  figures  48  and  43  his  mean  variation  would  have 
been  only  1.4  instead  of  the  6.7.    They  increase  this  average  and 
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Table  IX. 

jReactiari'thne. 

Age, 

Ta 

Tp 

mv 

MV 

B 

MV 

G 

MV 

A 

B 

C 

N 

yB 

Xi 

6 

31.7 

29.5 

5.6 

5.0 

28.2 

4.6 

29.5 

5.4 

28.5 

29.6 

28.3 

99 

60 

4 

7 

30.9 

29.2 

5.4 

5.5 

26.7 

4.6 

31.5 

5.2 

29.2 

29.6 

28.2 

98 

50 

4 

8 

28.7 

26.2 

4.9 

3.9 

24.5 

3.9 

26.0 

3.1 

26.6 

25.8 

28.5 

96 

49 

4 

9 

26.9 

25.0 

4.1 

4.1 

24.3 

6.4 

25.5 

4.9 

23.2 

25.3 

26.8 

99 

50 

4 

10 

23.3 

21.5 

4.2 

3.6 

21.0 

2.6 

22.5 

4.3 

21.0 

20.6 

26.0 

97 

50 

4 

11 

21.0 

19.5 

3.7 

3.4 

18.5 

3.1 

20.6 

3.4 

19.8 

19.8 

19.2 

101 

50 

5 

12 

20.7 

18.7 

3.6 

3.1 

17.8 

2.7 

19.8 

3.5 

18.3 

19.6 

19.6 

106 

66 

5 

13 

20.5 

18.7 

3.3 

3.0 

17.8 

2.9 

20.5 

3.5 

18.5 

18.6 

22.5 

110 

51 

6 

14 

19.1 

18.0 

3.0 

2.9 

18.0 

3.0 

18.7 

3.0 

16.8 

17.6 

19.3 

104 

50 

5 

15 

18.4 

17.2 

3.0 

2.7 

16.7 

2.3 

18.9 

2.7 

16.0 

17.0 

19.0 

102 

61 

6 

16 

17.0 

16.5 

2.8 

2.3 

14.7 

1.6 

17.2 

2.6 

15.6 

16.0 

16.0 

87 

48 

3 

17 

17.0 

15.6 

3.0 

3.3 

14.7- 

1.9 

16.3 

2.6 

14.8 

16.6 

16.2 

91 

47 

4 

Ta,  reaction-time  in  hundredths  of  a  second 

— arithmetical  averages. 
7p,  reaction-time  in  hundredths  of  a  second — 

median  values. 
mv,  average  individual  mean  variation. 
MV,  statistical  mean  variation. 
Bj  reaction-time  for  boys  in  hundredths  of  a 

second. 
MVj  statistical  mean  variation  for  bovs. 


Gj  reaction-dme  for  girls  in  hundredths  of  a 

second. 
MV,  statistical  mean  variation  for  girls. 

A,  reaction-time  of  bright  children. 

B,  reaction-time  of  average  children. 
Vf  reaction-time  of  dull  children. 

N,  number  of  children. 
NB,  number  of  boys. 
KGj  number  of  girls. 


Fig  22.    Chabt  XVII. 

Boys  and  girls. 

Boys, 

Girls. 


Boys  and  girls,  arithmetical  average. 
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Fio.  S8.    Chakt  XVIII. 

statistical  mean  variation. 

Statistical  mean  variation  for  boys. 

— Statistical  mean  variation. 

— - —  -—  Average  individual  mean  variation. 


Fio.  24.     Chart  XIX. 

Bright. 

Average. 

Dull. 


jastly  sOy  for,  by  the  mean  variation  we  wish  to  indicate  the  irregu- 
larity of  his  separate  results  from  the  general  average.  The  median 
was  calculated  for  both  boys  and  girls  combined,  and  also  for  each 
separately.  The  mean  for  boys  and  girls  combined  according  to 
arithmetical  averages  always  falls  half  way  between  those  for  boys 
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• 
and  girls  separately  ;  not  so  with  the  median.     The  median  for  boys 

and  girls  combined  frequently  falls  below  or  above  both  that  of  the 

girls  and  that  of  boys  when  taken  separately.     Illustrations  of  this 

can  be  seen  in  charts  IX,  age  13  ;  XII,  age  7  ;  XVII,  age  8;  XXII, 

age  14  ;  XIII  ages  6,  7,  8  and  11.     This  difference  of  the  median 

from  the  average  clearly  shows  the  heterogeneity  of  the  two  classes. 

It  must  also  be  noted  that  mean  variations  for  boys  and  girls  com- 
bined are  much  larger  than  for  each  separately,  which  also  shows  the 
heterogeneity  of  the  data. 

The  time  of  simple  reaction  decreases  with  age.  Boys  and  girls 
at  6,  when  averaged  together,  react  in  29.5  hundredths  of  a  second. 
This  decreases  to  the  age  12  where  the  time  is  18.7  hundredths  of  a 
second.  From  12  to  13  no  increase  is  made,  remaining  at  18.7  for  13 
also.  From  13  on,  there  is  gradual  increase  until  16  when  the  time 
is  15.5  hundredths  of  a  second.     At  17  no  gain  is  made. 

The  results,  when  considered  for  girls  and  boys  separately,  show 
marked  difference  in  sex.  Girls  are  slower  at  7  than  at  6.  At  6  the 
time  required  was  29.5  while  at  7  they  required  31.5.  At  8  there 
was  a  gain  to  26.0.  From  this  on  there  was  a  gradual  gain  in  ability 
and  a  decrease  in  time  till  12,  where  the  time  was  19.8.  At  13,  how- 
ever, 20.5  hundredths  of  a  second  were  again  required  leaving  the 
girls  only  one  thousandth  of  a  second  better  at  13  than  they  were  at 
11.  After  this  there  was  an  increase  again  till  17  where  the  reaction- 
time  for  girls  was  16.3. 

The  curve  for  boys  shows  no  change  from  the  general  law  of 
increase  from  6  to  7.  From  12  to  14  there  is  a  marked  difference  in 
the  rapidity  of  increase.  At  12  the  time  required  was  17.8  ;  at  13  it 
was  the  same  ;  at  14  there  is  a  loss  in  ability,  the  time  being  18.0. 
Thus  the  boys  were  worse  at  14  than  at  12  and  but  very  little  better 
than  they  were  at  11.  After  14  they  again  increased  with  almost 
the  same  rapidity  as  they  did  before  11  until  16  and  17  where  14.7 
hundredths  of  a  second  were  required.  Both  boys  and  girls  seemed 
to  increase  less  rapidly  from  eight  to  nine  than  at  the  other  ages. 
Boys  were  quicker  than  girls  throughout. 

The  mean  variations,  represented  in  chart  XVIII,  decrease  with 
advance  in  years.  For  boys,  during  the  period  from  11  to  14  when 
the  actual  time  of  reaction  remained  almost  stationary,  the  mean 
variation  did  the  same,  showing  a  slight  difference  at  12  in  the  same 
way  as  the  curve  for  boys  in  chart  XVII.  There  is  also  a  marked 
break  in  the  curve  of  variation  from  8  to  9  corresponding  to  the 
slight  decrease  in  the  rate  of  ability  at  the  same  ages  in  chart  XYII. 


Mental  and  physical  development  of  school-children.  81 

The  relation  between  mean  variation  and  mean  reaction-time  is 
rendered  most  marked  by  comparing  the  curves  in  charts  XVII 
and  XVIII  for  both  boys  and  girls  combined.  At  most  points  where 
there  is  a  marked  change  in  rate  of  increase  in  chart  XYII  there  is 
also  a  corresponding  change  in  the  variation  at  that  age.  In  this, 
age  13  offerd  the  only  exception.  Wherever  the  rate  of  increase  in 
ability  from  one  age  to  another  is  less  than  the  average  rate  of 
increase,  the  variation  for  that  period  becomes  higher  and  therefore 
worse. 

In  this  test  also  the  data  were  separated  and  recalculated  to  find 
the  reaction-time  of  those  who  were  bright,  of  average  mental  ability 
and  dull  respectively.  The  results  are  recorded  in  columns  A,  B  and 
C  respectively,  table  IX.  The  difference  here  becomes  very  notice- 
able as  can  be  seen  by  referring  to  the  graphic  representation,  chart 
XIX.  The  bright  children  react  much  more  quickly  than  the  dull. 
Not  so  much  difference  is  noticeable  between  those  who  were  con- 
sidered bright  by  the  teacher  and  those  who  were  judged  of  average 
ability.  It  is  shown  here  that  we  judge  of  a  child's  mental  ability 
by  the  quickness  or  rapidity  with  which  they  were  able  to  act. 
Another  fact  is  that  all  children  are  considered  of  about  equal  men- 
tal ability,  or  in  other  words,  all  grades  of  children  react  in  about 
the  same  length  of  time  just  before  thoie  ages  in  which  changes  of 
growth  manifested  themselves,  viz  :  11  and  16.  The  average  re- 
action-time of  all  ages  for  bright  children  was  20.7  hundredths  of  a 
second  ;  for  those  of  average  ability  it  was  21.3  ;  for  dull  children 
22.4. 

Test  (9) :  Reaction  with  discrimination  and  choice. 

Here,  as  in  the  other  mental  tests,  ability  increased  and  the  length 
of  time  required  decreased  with  advance  in  age.  This  test  implies 
more  complicated  mental  activity  and,  as  would  be  expected,  the 
influences  which  affect  mental  life  show  themselves  more  plainly  in 
the  curve  representing  such  development.  For  some  cause  or  other 
development  between  6  and  7  is  arrested  for  girls  here,  as  well  as  in 
the  test  on  reaction-time.  Boys  seem  to  suffer  no  such  back-set  but, 
starting  at  53.5  hundredths  of  a  second,  continually  increase  from  6 
till  13.  From  13  to  14  they  suffer  a  slight  loss  after  which  they  gain 
till  17,  losing  slightly,  however,  from  15  to  16.  At  17  the  time 
required  for  boys  was  30.5  hundredths  of  a  second.  Boys  may  be 
said  to  undergo  only  one  loss,  that  being  also  of  small  moment. 
Girls  suffer  two  marked  losses,  the  first  from  6  to  7,  increasing  the  time 
required  from  51  hundredths  to  52.8  hundredths  of  a  second.  After  7 
6 
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Table  X. 

► 

Reaction 

with  discrimination  and  choice. 

Age. 

Ta 

Tp 

mv 

MV 

E 

B 

Mr 

G 

MV 

A 

B 

C 

.V 

KB 

NG 

6 

55.8 

52.5 

10.2 

6.0 

1.1 

53.5 

5.3 

51.0 

6.5 

52.3 

510 

54.5 

99 

50 

49 

7 

54.1 

53.0 

9.4 

8.1 

1.1 

49.0 

8.8 

52.8 

9.4 

52.0 

62.7 

65.5 

97 

49 

48 

8 

48.8 

47.8 

8.5 

6.5 

.9 

48.0 

5.7 

47.5 

5.5 

47.6 

47.S 

50.0 

96 

49 

47 

9 

47.5 

45.0 

8.1 

6.8 

1.2 

44.5 

6.3 

46.0 

7.2 

45.8 

46.0 

42.3 

98 

49 

49 

10 

42.2 

41.0 

7.3 

4.9 

1.2 

40.0 

4.9 

41.5 

4.5 

39.7 

41.0 

45.6 

97 

50 

47 

11 

40.5 

38  5 

7.0 

5.8 

1.2 

38.7 

5.8 

38.8 

5.7 

39.0 

38.0 

38.0 

101 

50 

51 

12 

38.9 

37.0 

6.1 

5.5 

1.1 

38.5 

6.0 

37.0 

4.9 

37.0 

36.6 

37.0 

106 

56 

50 

13 

39.9 

39.5 

6.2 

5.8 

1.2 

36.0 

5.1 

41.6 

6.5 

39.0 

38.1 

42.8 

110 

51 

59 

14 

36.3 

36.5 

6.5 

4.9 

.9 

36.7 

4.5 

35.5 

5.4 

33.5 

36.3 

36.8 

104 

50 

54 

15 

34.8 

33.5 

5.9 

4.9 

.8 

31.1 

5.5 

34.5 

3.8 

30.5 

34.0 

36.5 

102 

61 

51 

16 

34.0 

32.5 

5.4 

4.3 

1.0 

31.5 

3.9 

35.0 

3.9 

32.7 

32.7 

34.3 

87 

48 

39 

17 

32.1 

31.2 

5.4 

4.0 

.7 

30.5 

3.5 

31.5 

4.4 

32.5 

30.0 

31.2 

91 

47 

44 

J  a,  discrimination-time  in  hundred ths  of  a 

second — ^a  ri  Ihmetical  averages. 
3J),   discrimination-time   in   hundredths  of  a 

second. 
mVy  averajjo  individual  mean  variation. 
Jf  F,  statistical  mean  variation* 
E^  average  number  of  errors  made  by  reacting 

to  red. 
B,  discrimination-time  for  boys  in  hundredths 

of  a  second. 


MV.  statistical  mean  variation  for  bovs. 
(?,  discnmination-tuue  for  girls  in  hundredths 

of  a  second. 
MVy  statistical  mean  variation  for  girls. 
A^  discrimination-time  for  bright  children. 

B,  discrimination-time  for  average  children. 

C,  discrimination-time  for  dull  chDdren. 
iVJ  number  of  children. 

NB,  numl)er  of  boys. 
^^"6?,  number  of  girls. 


they  increase  in  ability  very  rapidly  till  the  age  12,  where  the  length  of 
time  was  37  hundredths.  From  12  to  13,  however,  they  lose  just  as 
much  as  they  had  gained  during  the  two  years  preceding  12,  thus 
requiring  41.5  hundredths  of  a  second  at  13  which  is  the  same  length 
of  time  required  as  at  age  10.  After  13  comes  another  very  rapid  gain 
till  17,  with  the  exception  of  a  small  loss  from  15  to  16  similar  to  the 
loss  experienced  by  the  boys  at  that  age.  At  17  the  time  required 
for  girls  was  31.5  hundredths  of  a  second.  Boys  are  better  in  this 
test  than  girls.  The  average  of  all  the  boys  of  all  ages  is  39.8  while 
that  of  the  girls  is  41.  Not  quite  so  much  difference  is  seen  here, 
however,  as  in  the  simple  reaction-time  where  the  average  for  boys 
was  20.2  while  that  of  the  girls  was  22.3. 

Columns  A,  B  and  Coi  table  X  show  the  length  of  time  for  bright, 
average  and  dull  children  respectively.  In  these  results  not  quite  so 
much  difference  is  noticeable,  which  is  perhaps  due  to  the  fact  that 
they  contain  a  somewhat  smaller  element  of  reaction-time,  to  which 
brightness  and  quickness  are  such  close  correlates.  In  this  test, 
when  all  ages  arc  considered,  40.1  is  obtained  as  a  result  for  bright 
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Pio.  25.    Chart  XX. 

—  Boys  and  girls. 
Boys. 


Girls. 

—  Arithmetical  averages— boys  and  girls. 

children  ;  for  average  children,  40.2,  and  for  the  dull  ones  an  average 
of  42.0  hundredths  of  a  second.  It  is  very  evident  from  these  figures 
that  in  this  test  the  rule  also  applies  that  the  brighter  the  child  the 
more  quickly  he  is  able  to  react  with  discrimination  and  choice. 

The  average  of  the  mean  variations  for  separate  children,  shown 
by  the  dotted  line,  chart  XXI,  decreases  gradually  with  age  except 
from  12  to  14  where  there  is  a  marked  increase,  showing  undoubtedly 
the  effects  of  puberty  during  that  period. 

So  far  as  the  comparative  mean  variations  for  boys  and  girls  are 
concerned,  but  little  can  be  said,  since  the  curves  cross  and  re-cross 
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BO  frequently  as  to  be  of  little  value  for  comparisons  between  them 
and  those  in  the  main  curve  for  development.  The  same  general 
agreement  exists  between  the  main  curve  and  the  curves  for  variation 
in  that  there  is  increase  in  both  with  advance  in  years. 

As  explained  under  apparatus  and  methods  the  child  was  asked  to 
react  when  blue  appeared  in  the  stimulating  apparatus  and  not  to 
react  when  red  appeared.  It  is  difficult  for  anybody  to  keep  from 
reacting  to  the  red,  for  the  reaction  becomes  somewhat  automatic 
and,  if  the  attention  flags,  not  infrequently  reaction  to  red  follows. 


'y  //  U  /J 

Fio.  86.    Chart  XXI. 

Statistical  mean  variation. 

Statistical  mean  variation  for  boys. 

Statistical  mean  variation  for  grirls. 

Average  individual  mean  variation. 


^ 


Column  E  oi  table  XI  records  the  average  number  of  reactions  each 
child  made  to  red  out  of  the  twenty  trials  given  him.  In  order  to 
be  sure  that  the  child  discriminated  between  blue  and  red,  as  many 
reds  had  to  be  disclosed  as  blues,  being  irregularly  mixed  so  that  the 
numbers  in  column  jS^  would  represent  the  number  of  mistakes  made 
in  20  instead  of  10,  the  latter  of  which  would  only  represent  the 
reactions  to  blue.  Twenty  of  the  1192  children  tested  made  the 
error  of  reacting  to  the  red  four  times  during  the  series  of  trials.  Out 
of  1192  tested  420  made  no  errors  at  all  by  reacting  to  the  red. 
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Test  (11):   Time-memory, 

As  in  the  preceding  tests,  also  in  this  one,  ten  trials  were  given 
each  child  and  after  taking  the  median  valae  of  these,  the  average  of 
the  mean  variations  for  the  separate  results  or  data  was  calculated. 
Besides  taking  the  median,  the  arithmetical  average  was  taken  for 
the  sake  of  comparison.  The  arithmetical  averages  are  to  be  found 
recorded  in  column  Ea  and  the  median  values  in  column  Ep  of  table 
Xr.  The  median  values  for  boys  and  girls  are  placed  in  columns  B 
and  G  respectively.  The  averages  of  the  mean  variations  for  sepa- 
rate children  are  in  the  column  headed  wivy  J/F'represents  the  mean 
variation  for  the  total  result,  while  MV  and  MV"  give  the  same 
for  boys  and  girls  respectively. 

Columns  Ea  and  Ep  are  used  in  constructing  the  two  curves  of 
chart  XXV  for  the  sake  of  comparing  the  results  according  to  the 
two  methods.  Ages  are  at  the  bottom  on  the  line  of  abscissas.  The 
figures  to  the  left  indicate  in  hundredths  of  a  second  the  amount  of 
error  made  in  making  the  second  sound  the  same  length  as  the  first, 
which  was  two  seconds  long.  The  second  sound  was  always  made 
too  shoii;  and  the  numbers  thus  indicate  the  amount  of  shortage  in 
hundredths  of  a  second. 

The  length  of  time,  by  using  the  arithmetical  averages,  is  less  than 
the  median  values  from  6  to  10  years  of  age.  Here,  the  curves,  rep- 
resenting the  result  in  graphic  form,  cross.  From  10  to  15  the 
error  is  greater  by  arithmetical  averages  than  by  median  values; 
from  15  to  16  the  error  is  less  ;  at  17  it  is  worse  again.  In  calculat- 
ing the  results  of  this  test  the  use  of  the  method  of  median  values  is 
of  still  more  importance  than  in  the  preceding  tests,  owing  to  the  fact 
that  the  variations  are  sometimes  extremely  large.  Frequently 
results  were  obtained  in  which  all  but  one  or  two  fell  short  of 
the  correct  time  by  40  hundredths  of  a  second  or  more  while  these 
two  exceptions,  owing  to  some  disturbance  or  distraction  either  exter- 
nal or  internal,  were  20  or  25  hundredths  too  long.  Accuracy  with 
small  mean  variation  demands  a  perfectly  even  flo^^  of  consciousness. 
During  the  first  sound  of  two  seconds  the  child  simply  sits  and  listens 
with  no  responsibility  as  to  how  long  the  sound  shall  go  ;  all  he  has 
to  do  is  to  judge  its  length.  When  it  becomes  his  turn  to  make  the 
sound  his  responsibility  and  continuous  wondering  whether  the  sound 
is  yet  long  enough  make  the  time  seem  longer  than  it  really  is  and 
consequently  he  stops  it  too  soon. 

The  effect  of  suggestion  in  such  a  test  is  peculiar.  For  ray  tests 
the  separate  records  of  the  child  were,  of  course,  kept  secret  until  all 
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Table  XI. 

• 

Time- 

memory. 

Age 

.  Ea 

Ep 

mv 

MV 

B 

MV 

G 

irr 

A 

B 

C 

N  KB 

NG 

6 

66.7 

62.0 

24.6 

23.4 

66.6 

25.1 

67.0 

23.2 

56.6 

68.5 

69.5 

94 

52 

42 

1 

59.6 

66.5 

27.9 

20.2 

63.5 

20.6 

68.6 

20.4 

66.8 

66.5 

67.3 

96 

49 

47 

8 

62.7 

54.3 

23.6 

22.8 

48.5 

22.3 

57.0 

22.3 

48.5 

59.3 

69.0 

96 

49 

47 

9 

66.2 

60.0 

23.0 

23.5 

47.5 

22.4 

73.6 

19.3 

50.0 

65.0 

46.6 

97 

49 

48 

10 

489 

48.5 

20.2 

18.1 

48.5 

21.8 

465 

15.8 

40.3 

49.5 

69.5 

95 

49 

46 

11 

44.2 

41.0 

20.8 

18.2 

40.5 

16.6 

41.0 

20.2 

45.0 

42.0 

48.0 

101 

50 

51 

12 

41.6 

36.8 

17.6 

21.3 

35.8 

21.8 

37.5 

18.7 

28.5 

49.3 

44.5 

106 

56 

50 

13 

36.3 

33.0 

17.9 

21.4 

24.5 

22.0 

36.0 

19.5 

36.0 

25.8 

33.5 

110 

51 

59 

14 

35.9 

30.0 

18.7 

16.1 

31.5 

14.2 

31.0 

17.8 

28.3 

28.8 

42.5 

103 

49 

54 

15 

37.6 

38.0 

18.0 

19.4 

34.5 

15.3 

39.0 

21.9 

22.5 

36.0 

45.0 

102 

51 

51 

16 

41.6 

44.0 

16  6 

16.7 

38.0 

16.5 

49.0 

14.0 

43.3 

39.3 

47.0 

87 

48 

39 

17 

39.9 

36.5 

13.8 

15.8 

34.0 

13.8 

40.0 

17.8 

33.5 

38.8 

31.3 

91 

47 

44 

Ea,  hundredths  of  a  second  short  in  mem- '  MV\  statistical  mean  variation  for  girls. 

orj  of  two  seconds — arithmetical  aver-    A,  hundredths  of  a  second  short  for  bright 

ages.  children. 

J^,  hundredths  of  a  second  short  in  mem-    B^  hundredths  of  a  second  short  for  aver- 

ory  of  two  seconds — median  values.  age  children. 

Tnv,  average  individual  mean  variation.  (7,  hundredths  of  a  second  short  for  dull 

MV^  statistical  mean  variation.  children. 

JB,  hundredths  of  a  second  short  for  boys.      *V,  number  of  children. 
MV,  statistical  mean  variation  for  boys.       NB,  number  of  boys. 
G,  hundredths  of  a  second  short  for  girls.    |  NG,  number  of  girls. 

had  been  taken.  After  taking  the  series  of  ten  trials  I  again  tried  a 
number  of  individuals  telling  them  each  time  the  amount  of  error 
made.  They  soon  learned  to  correct  their  error  somewhat  and  not 
infrequently  made  the  sound  too  long  instead  of  too  short. 

A  few  of  the  younger  children  made  the  second  sound  not  quite 
half  as  long  as  it  should  have  been,  making  an  error  of  more  than 
100  hundredths  qf  a  second.  Only  38  out  of  the  1192  tested  in  all, 
judged  the  sound  longer  than  it  really  was.  It  is  interesting  to  note 
also  that  19  out  of  these  fell  in  the  two  ages  12  and  13,  the  former 
having  9  and  the  latter  10,  none  of  the  other  ages  having  more  than 
three  each. 

In  time-memory  the  average  child  is  worse  at  7  than  at  6,  worse  at 
9  than  at  8  and  worse  at  16  than  at  14.  The  irregularity  at  the 
period  of  puberty  falls  later  in  the  curves  of  this  test  than  in  the 
others.  After  the  second  decrease  in  ability  from  8  to  9  there  is  a 
rapid  increase  in  ability  till  14.  Thereafter  it  is  reversed  and  there 
is  more  rapid  loss  than  there  was  previous  gain,  leaving  the  child  con- 
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Fio.  27.    Chart  XXII. 

Boys  and  irlrla. 

Boys. 

Girls. 

Arithmetical  averages. 


fiiderably  worse  at  16  than  he  was  at  12.  From  16  to  17  there  is 
another  rapid  increase  in  accuracy.  At  6  the  child  is  62  hundredths 
in  error ;  at  7  the  error  is  66.6  ;  at  8  it  is  54.3.  After  rising  again 
at  9  to  60  there  comes  the  rapid  increase  in  accuracy  till  the  best 
point  is  reached  at  14  where  there  is  only  an  error  of  30  hundredths 
of  a  second. 

The  results,  when  divided  into  boys  and  girls,  show  two  very  dis- 
tinct differences.  Both  boys  and  girls  lose  from  6  to  7.  With  the 
exception  of  a  very  slight  change  in  the  average  increase  from  8  to 
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10,  boys  grow  better  till  the  age  13.  Girls  from  8  to  9  undergo  an 
enormous  loss,  making  the  sound  at  the  latter  age  73.5  hundredths  of 
a  second  too  short.  Thus,  at  this  age  they  are  far  worse  than  at  any 
other  period  between  6  and  17.  From  9  to  10  an  exceedingly  rapid 
gain  is  made  and  thereafter  there  is  a  continuous  gain  till  14,  in- 
stead of  stopping  at  13  as  the  boys  did.  Boys  and  girls  both  lose 
from  this  point  till  16  where  they  again  begin  gaining.  At  13  is  the 
best  time  for  boys,  their  error  being  only  24.5  hundredths  too  short  ; 
girls  reach  their  best  point  at  14  with  an  error  of  31  hundredths  of  a 


Fro.  38.    Chart  XXIII. 

Statistical  mean  variation. 

Statistical  mean  variation  for  boys. 

Statistical  mean  variation  for  pirls. 

A veragre  individual  mean  variation. 

second.  In  this  test  also,  boys  greatly  excel  the  girls,  as  can  be 
seen  by  comparing  columns  ^  and  G  of  table  XI  and  also  the  curves 
of  chart  XXII. 

In  recalculating  the  results  for  comparison  between  bright,  aver- 
age and  dull  children  the  amounts  of  error  made  by  them  are  41.5, 
47.4  and  51.1  respectively.  The  separate  averages  for  each  age  aud 
grade  of  children  are  recorded  in  columns  A,  B  and  C  of  table  XL 

In  general,  ability  increases  with  advance  in  years.  This  same  is 
true  of  the  curves  of  chart  XXIII,  representing  the  mean  variations 
for  time-memory.     There  is  one  thing  here  which  is  important 
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eorroborating  the  coDclusion  referred  to  under  reaction-time,  viz :  that 
where  a  special  change  in  relative  growth  between  two  ages  occurs 
for  the  better,  the  mean  variation  changes  for  the  worse.  In  chart 
XXrV  the  mean  variation  for  both  boys  and  girls  decreases  from 
6  to  7,  whereas  the  general  ability  for  time-memory,  chart  XXII, 
increases  for  the  corresponding  period.  The  same  can  be  notice  d  also 
in  ages  8  to  10  and  14  to  16  where  the  most  marked  changes  occurred. 

Genbbal  comparison  of  sex. 

In  order  to  get  a  general  estimate  of  the  mental  differences  of  sex 
from  the  results  obtained,  the  final  averages  of  each  age  in  muscle- 
sense,  sensitiveness  to  color-differences,  force  of  suggestion,  reaction- 
time,  reaction  with  discrimination  and  choice,  and  time-memory  were 
thrown  together  into  a  general  average  for  the  respective  ages. 
These  general  averages  are  recorded  in  table  XFI.  The  same  are 
presented  in  the  curves  of  chart  XXIV.  The  ages  are  indicated 
at  the  bottom  on  the  line  of  abscissas.  The  figures  at  the  left  can  be 
given  no  definite  value  except  to  serve  as  relative  points  by  which  to 
judge  the  curves.  The  higher  the  figure  the  worse  the  record,  just  as 
was  the  case  in  the  tests  mentioned  above.  Voluntary  motor  ability 
and  fatigue  were  not  included  in  this  general  average  both  on  account 
of  their  having  a  somewhat  different  nature  from  the  rest,  and,  also 
one  was  the  reverse  of  the  other  in  that,  in  fatigue  the  lower  the  fig- 
ure the  better  the  record  while  the  reverse  was  true  for  voluntary 
motor-ability.  Could  these  two  have  been  included,  however,  the 
result  would  have  been  all  the  more  in  favor  of  boys  for  it  will  be 
remembered  that  when  these  two  were  reduced  to  per  cent,  and  con- 
sidered together  the  balance  was  greatly  in  favor  of  boys.  The  boys 
became  tired  sooner  but  they  also  tapped  much  faster. 

The  only  superiority  shown  for  the  girls  is  a  small  margin  of  ad- 
vantage in  discrimination  for  color-differences,  referred  to  on  page 
48 ;  the  boys  have  the  advantage  very  decidedly  until  between  7  and 
8  but  thereafter  girls  are  better. 

The  general  trend  of  the  curves  of  chart  XXIV  is  very  interest- 
ing. Age  11  seems  to  be  a  neutral  point  where  boys  and  girls  are 
of  about  the  same  ability.  From  this  age,  the  curves,  on  the  whole, 
diverge  in  opposite  directions  more  and  more  to  the  ages  6  and  17. 

The  general  law  of  increase  in  ability  is  shown  also  very  plainly 
by  general  averages  taken  in  this  way  and  represented  in  graphic 
fomiy  as  found  in  chart  XXIV. 
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Age. 

6 

7 

8 

9 
10 
11 
12 
13 
14 
16 
16 
17 


Table  XII. 

General  comparison  of  sex, 

B+G 
35.1 
36.4 
32.9 
33.0 
28.4 
25.8 
24.5 
23.5 
21.9 
22.8 
23.2 
20.1 


The  figures  of  the  table  are  rela- 
tive numbers  deduced  from  the 
tests. 


B 

G 

34.1 

36.4 

34.3 

36.8 

31.6 

33.3 

30.8 

35.5 

27.7 

28.5 

25.7 

25.8 

24.1 

25.0 

21.4 

24.6 

21.5 

22.1 

21.3 

24.0 

21.4 

25.4 

19.2 

22.0 

5+  G,  boys 

and  girls. 

B^  boys. 

C  girls. 

FiQ.  29.    Chart  XXIV. 

Boys  and  girls. 

Boys. 


Girls. 
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Inteb-belation  of  the  results  op  the  different  tests. 

The  tests  described  in  the  preceding  pages  may  be  divided  into 
two  kinds,  mental  and  physical.  The  close  correlation  of  mind  and 
body  would  naturally  lead  one  to  expect  the  closest  sympathy 
between  the  two. 

First,  let  us  give  a  glance  at  the  relations  existing  among  the  three 
physical  curves,  viz  :  weight,  height  and  lung-capacity.  Weight 
and  height  conform  to  almost  exactly  the  same  rules.  In  both,  very 
slight  differences  exist  between  boys  and  girls  until  the  period  arrives 
at  which  boys  begin  to  grow  as  men  and  girls  as  women.  Boys  are 
slightly  heavier  and  taller  than  girls  till  between  11  and  12.  Then 
the  order  is  reversed.  In  both  height  and  weight  girls  excel  until 
between  14  and  15  where  boys  become  heavier  and  taller  and  remain 
so  the  balance  of  life.  The  most  rapid  growth  of  girls  ceases  at  13 
while  at  14  the  rapid  growth  for  boys  is  just  beginning.  This  differ- 
ence between  the  growth  of  the  sexes  is  all  the  more  forcible  when 
the  curves  for  height  and  weight,  charts  XI  and  XIII,  are  compared 
with  the  one  for  lung-capacity,  chart  XV.  After  12  the  girls  gain 
but  very  little  in  lung-capacity  while  the  boys  do  not  begin  their  real 
growth  until  14.  That  the  turning-point  in  life  comes  later  for  boys 
than  for  girls  is  verified  not  only  by  all  the  so-called  physical  curves 
but  also  by  those  which  make  the  mental  aspects  more  prominent. 
In  all  three  physical  curves  there  is  the  same  general  correspondence 
between  the  main  curve  for  each  test  and  its  accompanying  curve 
for  mean  variations.  In  all,  the  variation  increases  with  advance  in 
years  and  when  separate  periods  of  each  curve  are  considered  the 
rate  of  increase  or  decrease  in  mean  variations  changes  wherever 
there  is  a  marked  change  in  the  rate  of  growth.  The  mean  varia- 
tions for  boys  and  girls  in  the  physical  curves  are  largest  during  the 
years  from  12  to  16. 

In  considering  the  so-called  mental  curves  there  is  increase  in 
ability  with  advance  in  years  with  the  exception  of  the  test  on  the 
force  of  suggestion.  In  this  ability  decreases  till  9  in  the  sense  that 
the  suggestion  is  allowed  to  have  more  force  ;  but,  thereafter  there 
is  a  gradual  improvement  as  the  suggestion  decreases  in  strength. 

At  first  sight  the  curve  for  mean  variations  of  sensitiveness  to 
color-differences,  chart  IV,  seems  to  offer  a  marked  exception  to  the 
general  rule,  that  in  all  mental  tests  the  mean  variations  decrease 
with  advance  in  years.  This  is  not  the  case.  The  mean  variation 
rises  from  6  to  9  because  during  those  ages  a  large  per  cent,  of  the 
data  were  tens,  which  indicates  that  all  ten  colors  seemed  exactly 
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alike  to  those  children.  Consequently,  the  larger  the  per  cent,  of 
those  picking  out  all  ten  as  alike,  the  smaller  the  mean  variation 
becomes  for  the  data  at  hand  ;  but,  could  the  67  per  cent,  of  non- 
discriminations at  6  be  turned  into  the  actual  data  which  they  could 
represent,  the  mean  variation  would  be  a  great  deal  larger  at  6  than 
what  it  is,  viz:  1.8.  Fifty-seven  cases  of  non-discrimination  necessi- 
tates 57  out  of  100  of  my  data  being  the  same:  10.  This  of  course 
throws  the  mean  variation  very  low. 

In  voluntary  motor  ability,  chart  VII,  and  fatigue,  chart  IX,  more 
of  the  physical  is  involved,  so  that  the  relation  between  them  and  the 
two  curves  for  weight  and  height  is  very  marked.  Voluntary  motor 
ability  from  12  to  14  is  very  probably  affected  by  the  very  rapid 
growth  for  the  corresponding  period  shown  in  charts  XI  and  XIIL 
Separate  relations  exist  for  boys  and  girls  between  the  curves  for 
voluntary  motor  ability,  fatigue  and  the  three  physical  curves.  The 
change  in  rapidity  of  growth  for  girls  comes  between  12  and  13  in 
weight,  height  and  chest-capacity.  The  same  change  occurs  at  the 
same  period  in  both  voluntary  motor  ability  and  fatigue.  For  boys 
the  marked  change  in  rapidity  of  growth  comes  later  than  for  girls^ 
the  former  always  changing  radically  at  14  as  can  be  seen  in  charts 
XI,  XIII  and  XV.  In  fatigue  also  the  loss  at  puberty  occurs  later 
for  boys  than  for  girls,  being  at  14  instead  of  at  13  as  it  was  for  the 
girls.  In  voluntary  motor  ability  the  loss  commences  for  both  at  the 
same  place,  viz:  12,  but  girls  suffer  loss  for  two  successive  years 
while  boys  lose  only  for  one. 

In  voluntary  motor  ability  the  mean  variation  changes  but  slightly 
for  different  ages  but  in  fatigue  there  is  a  more  noticeable  decrease 
in  variation  with  advance  in  years. 

The  tests  which  are  more  strictly  mental  may  be  divided  into  two 
sections  ;  the  first  composed  of  tests  (1),  (2)  and  (3)  and  the  second 
of  tests  (9),  (10)  and  (11). 

In  muscle-sense,  test  (1),  the  effect  of  puberty  on  the  rusu Its  is 
very  marked  as  is  shown  by  chart  I,  but  in  discrimination  for  color- 
differences  almost  no  divergences  whatever  can  be  noticed  at  that 
period.  In  the  curve  for  force  of  suggestion,  boys  and  girls  alike 
suffer  a  loss  in  ability  from  14  to  15.  The  curves  of  mean  variations 
in  these  three  tests  all  show  marked  divergences  from  the  general 
trend  during  the  years  from  12  to  15.  By  throwing  the  muscle-sense 
and  force  of  suggestion  into  relation,  a  purely  mental  element  is 
brought  out  in  the  latter.  Had  the  weight  been  subjected  to  the 
muscle-sense  alone   the   discriminative   ability  by  that  eeiiee  would 
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always  have  said  they  were  of  equal  weight,  for,  by  test  (1)  and  chart 
I,  it  is  shown  that  discrimination  for  weight  increases  gradually  with 
age,  but  by  considering  the  element  of  sight  we  get  a  measure  of  our 
error  in  judgment  in  test  (3),  chart  V. 

In  tests  (9),  (10)  and  (11),  where  more  quickness  and  accuracy  of 
action  is  involved,  the  effects  of  puberty  show  themselves  far  more 
plainly  than  in  any  of  those  hitherto  considered.  Thus,  it  might  be 
concluded  that  puberty  has  a  greater  effect  on  the  mental  than  upon 
the  physical  aspects  of  man's  nature.  The  difference  is  far  more 
noticeable  in  girls  than  in  boys  as  can  be  readily  seen  by  referring  to 
charts  XVJI,  XX  and  XXII.  This,  is  specially  noticeable  in  chart 
XXIV  for  the  comparison  of  sex.  The  development  of  girls  is 
far  more  seriously  affected  by  periodic  changes  than  that  of  boys 
as  can  be  seen  by  reference  to  7,  9,  14  and  16  of  this  chart.  In  dis- 
crimination time,  chart  XX,  the  loss  in  ability  for  girls  comes 
before  that  of  boys,  the  former  beginning  at  12  and  the  latter  at  13. 
This  order  is  reversed  in  time-memory,  chart  XXII,  and  comes  later 
for  both,  boys  beginning  to  lose  in  accurrcy  at  13  and  girls  not  until 
14.  This  difference  between  discrimination-time  and  time-memory 
is  brought  out  all  the  more  forcibly  by  considering  the  respective 
curves  for  boys  and  girls  combined,  charts  XX  and  XXII.  In 
the  former  the  loss  is  between  12  and  13;  in  the  latter  it  occurs 
between  14  and  16. 

The  mean  variation  for  the  separate  ages  in  tests  (9),  (10)  and  (11) 
furnish  but  little  suggestion  as  to  the  effect  of  puberty.  The  aver- 
ages of  the  individual  mean  variations  for  separate  children  show 
marked  changes  from  12  to  14  in  discrimination  and  time-memory 
but  nothing  in  simple  reaction-time  as  is  shown  by  the  dash  double 
dot  lines  of  charts  XVIII  and  XXVII. 

In  all  the  curves  involving  a  time-element  there  is  marked  loss  in 
ability  from  6  to  7  as  can  be  seen  in  charts  XVII,  XX,  XXII  and 
IX.  In  reaction-time  and  reaction  with  discrimination  and  choice, 
charts  XVII  and  XX,  the  loss  is  only  experienced  by  girls,  but 
in  the  other  two,  time-memory  and  fatigue  both  alike  suffer  some 
set-back  from  6  to  7.  The  same  thing  is  noticeable  to  a  less  degree 
in  muscle-sense  and  color  discrimination,  charts  I  and  III,  the  boys 
alone  suffering  loss  in  color-sensitiveness.  The  general  fact,  how- 
ever, is  brought  out  very  forcibly  in  comparative  curves  of  sex,  chart 
XXIV. 

An  interesting  fact  is  brought  out  by  throwing  graded  reaction  and 
the  same  with  discrimination  and  choice  into  relation  with  each  other. 
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Between  11  and  12,  just  before  puberty,  in  both  curves  the  bright  and 
dull  children  act  with  about  the  same  rapidity,  though  both  before 
and  after  that  age  the  dull  ones  are  much  slower  than  the  bright 
ones.  It  is  evident  from  a  glance  at  the  two  charts  XIX  and  XXII 
that  the  child  is  judged  dull  at  13  because  he  is  unable  to  act  as 
quickly.  Considering  these  charts  in  conjunction  with  the  compara- 
tive curves  of  sex,  chart  XXIV,  the  conclusion  is  suggested  that  all 
children  on  an  average  are  of  about  equal  ability  at  age  11. 

Relation  of  individual  tests  to  general  mental  ability. 

The  data  for  the  tests  on  weight,  height,  lung-capacity,  discrimina- 
tion-time, reaction-time  and  time-memory  were  recalculated  to  get 
the  relation  between  the  separate  tests  and  general  mental  ability  as 
estimated  by  the  teacher.  The  curves  for  height  and  reaction  time  were 
inserted  in  part  II  under  tests  (7)  and  (10)  respectively.  The  curves 
for  height,  worked  out  in  relation  to  "  stand  "  are  found  in  chart  XV 
and  those  for  reaction  time  in  chart  XIX.  The  remainder  of  the 
curves  belonging  to  this  class  have  been  given  a  separate  section  on 
account  of  their  largely  negative  value.  It  will  be  remembered  that 
the  curves  for  height  were  of  negative  value  in  that  no  marked  rela- 
tion could  be  traced  between  them  and  the  mental  ability  of  the 
pupils  upon  whose  measurement  they  were  plotted.  The  same  is 
true  of  weight ;  also  of  chest  capacity  with  the  exception  of  the 
years  13  and  14  where  the  dull  pupils  have  a  much  smaller  lung- 
capacity.  The  curves  for  reaction-time  gave  the  most  positive  re- 
sults showing  that  the  brighter  the  child  the  more  quickly  he  is  able 
to  act.  In  discrimination,  the  same  relation  is  noticeable  but  to  a 
less  degree. 

The  bright  children  and  those  of  average  ability,  as  judged  by  the 
teachers,  are  about  equal  in  the  length  of  time  required  to  discrim- 
inate but  the  dull  ones  require  a  somewhat  longer  time  at  all  ages 
with  the  exception  of  9,  11  and  13.  Tlie  difference  here  between  the 
classes  is  not  so  great  owing  probably  to  the  fact  that  it  involves  a 
smaller  clement  of  reaction-time  which  shows  the  most  marked  dif- 
ference. In  turning  to  the  last  one,  viz  :  time-memory,  it  may 
be  said  in  general  that  the  brighter  the  child  the  more  accurate  his 
sense  of  time.  It  is  impossible  to  say  that  this  is  the  case  with  all 
ages,  because  the  curves,  as  can  be  seen,  cross  and  re-cross  so  fre- 
quently as  to  be  of  but  little  value  further  than  to  indicate  the  rela- 
tion of  the  three  grades  in  a  very  general  way. 
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COMPABISONS  WITH  THE  RESULTS  OF  OTHER  INVESTIGATORS. 

Owing  to  the  limited  amoont  of  iuvestigation  on  the  mental  devel- 
opment of  school-children  but  little  can  be  said  as  to  how  my  mental 
tests  agree  with  other  investigations.  For  the  purely  physical  tests, 
weighty  height  and  lung-capacity,  more  material  presents  itself. 
For  purposes  of  comparison  with  the  first  two — weight  and  height — 
I  have  chosen  the  results  of  Bowditch*  of  Boston  and  of  Peckham* 
of  Milwaukee.     The  weights  of  the  children  in  both  these  investiga- 

Table  XIII. 
ComparaMve  weights  of  Boston^  Milwaukee  and  New  Haven  school-children. 


Age. 

B 

M 

NHa 

NHp 

B 

M 

Nlla 

NHp 

Thvi 

j0  

• 

- 

Girls. 

6 

45.17 

44.81 

47.86 

46.8 

43.23 

43.12 

45.92 

44.3 

7 

49.07 

49.10 

52.08 

51.2 

47.46 

46  97 

49.65 

50.4 

8 

53.92 

53.81 

56.49 

52.5 

52.04 

50.87 

53.32 

53.0 

9 

59.23 

59.46 

61.69 

60.0 

57.07 

56.44 

69.27 

68.8 

10 

65.30 

65.35 

6831 

68.4 

62.35 

62.45 

66.09 

62.7 

11 

70.18 

70.92 

75.57 

70.8 

68.84 

68.84 

72.36 

70.0 

12 

76.92 

76.08 

83.25 

82.3 

78.31 

77.82 

86.09 

84.5 

13 

84.84 

84.89 

90.95 

88.0 

88.65 

87.96 

92.97 

92.0 

14 

94.91 

95.76 

97.46 

91.7 

98.43 

97.64 

97.15 

98.0 

15 

107.10 

109.05 

109.95 

110.0 

106.08 

105.87 

103.06 

104.0 

16 

121.01 

122.06 

126.03 

127.0 

112.03 

110.58 

111.41 

113.0 

17 

127.49 

130.35 

126.70 

130.0 

115.53 

113.32 

118.45 

113.7 

B,  weight  of  Boston  school-children  in '  *VJ7a,  weight  of  New  Haven  school-chil- 
poundH.  dren  in  pounds — arithmetical  averages. 

M,  weight  of  Milwaukee  school-children  '  NHp^  weight  of  New  Ilavcn  school-chil- 
in  pounds.  I      dren  in  pounds — median  values. 

tions  as  well  as  in  mine  were  taken  in  ordinary  clothes.  My  original 
calculations  were  made  by  the  method  of  median  values  and  the 
curves  previously  given  are  plotted  upon  this  method.  Since  the 
results  of  both  Bowditch  and  Peckiiam  were  obtained  by  arith- 
metical averages,  for  sake  of  comparison  of  the  two  methods,  and  also 
for  comparison  of  localities,  I  recalculated  ray  results  by  arithmetical 

^  BowDiTCU,  Growth  of  children,  VIII.  Ann.  Rcpt.  State  Board  Health  Mass.,  307, 
Boston  1877. 

BowDiTCii,  Growth  of  children,  X.  Ann.  Rept.  State  Board  Health  Mass.,  35,  Boston 
1879. 

Bowditch,  Growth  of  children  studied  by  Galtox's  method  of  percentile  grades, 
XXII.  Ann.  Rept.  State  Board  Health  Mass.,  479,  Boston  1891. 

*  Pkckiiam,  Growth  of  children,  VI.  Ann.  Ropt.  State  Board  Health  Wisconsin,  28, 
Milwaukee  1881. 
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represent  a  comparison  of  my  results  taken  in  public  schools  with  the 
results  of  Anderson,  taken  in  private-schools  near  New  York.  His 
pupils  underwent  a  daily  training  in  the  gymnasium.  The  boys  in 
his  results  start  at  6  better  than  those  of  the  same  age  in  my  results. 
They  also  develop  more  rapidly.  No  loss  at  puberty  is  traceable, 
however,  in  his  results  similar  to  that  shown  in  mine.  His  results 
extend  only  to  1 5  years  of  age.  At  this  age  private-school  boys  had 
a  lung-capacity  of  205  cubic  inches;  public-school  boys  by  my  results 
only  had  a  capacity  of  1 70.3  cubic  inches,  and  only  202.5  cubic  inches 
at  17,  which  is  2.6  cubic  inches  less  than  private-school  boys  had  at 
16.     In  girls  the  difference  is  even  more  noticeable,  for  at  6  the  girls 


Fio.  31.    Chart  XXVI. 

Lower  curves  for  weigrht. 
Upper  curves  for  hei^bt. 

Boston  girls. 

Milwaukee  grirls. 

New  Haven  grirls. 

New  Haven  girls— median  values. 
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Table  XV. 
Comparative  lung^capacities  for  pttblic-  and  private-school  children. 


ige. 

P 

NHa 

NHp 

6 

64 

67.1 

56.0 

7 

80 

65.6 

66.0 

8 

8» 

71.8 

73.0 

9 

106 

82.7 

83.0 

10 

124 

92.8 

91.5 

11 

144 

106.3 

104.0 

12 

150 

117.2 

113.5 

13 

168 

124.4 

120.0 

U 

188 

120.4 

125.0 

15 

205 

170.3 

161.0 

16 

«  M  * 

189.3 

187.0 

17 

202.5 

204.0 

P,  lung-capacitj  of  New  York  private- 
school  children. 

XHa,  lung-capacity  of  New  Haven  public- 
school  children — arithmetical  averages. 


p 

NHa 
Girls,- 

NHp 

35 

49.2 

50.0 

40 

58.9 

54.0 

48 

64.2 

66.0 

65 

73.4 

72.5 

80 

80.3 

82.0 

106 

83.6 

83.0 

125 

104.6 

104.0 

136 

108.1 

105.0 

150 

107.8 

105.0 

155 

116.3 

116.0 

•  -  • 

119.9 

115.0 

124.0 

118.5 

NHpy  lung-capacity  of  New  Haven  public- 
school  children — median  values. 


Fio.  33.    Chart  XXVII. 


: Private  school  boys. 

Private  school  ffirls. 

Public  school  boys. 

Public  school  girls. 
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at  private  schools  have  a  smaller  lung-capacity  but  develop  so  rapidly 
as  at  10  years  of  age  to  equal  those  of  public  schools.  Thereafter 
the  rapid  development  continues  so  that  at  17  they  have  attained  155 
cubic  inches  while  my  results  only  show  116.8  cubic  inches  for  public- 
school  girls;  even  at  17,  public-school  girls  have  only  124  cubic  inches 
capacity,  which  is  31  cubic  inches  less  than  that  of  private-school 
girls  at  15.  The  curves  of  chart  XXVII  show  an  enormous  differ- 
ence between  the  two  classes  of  children.  There  is  added,  however, 
a  note  to  Andebson's  table  :  "  It  cannot  be  said  of  them  that  they 
indicate  just  what  the  averages  should  be."  The  results  of  this 
table,  however,  were  averages  of  about  600  children  of  each  age. 

In  chart  XXVII  the  ages  are  at  the  bottom  and  the  figures  at  the 
left  indicate  the  lung-capacity  in  cubic  inches. 


REMARKS  ON  DR.  GILBERT'S  ARTICLE, 

BY 

E.  W.  Scripture. 

In  preparing  for  publication  Dr.  Gilbert's  Researches  on  the  fne7i' 
tal  and  physical  development  of  school-children y  several  matters 
seemed  to  me  to  require  a  further  statement. 

Suggestion-test,  The  large  and  the  small  standard  are  of  the  same 
weight,  namely,  w=bb^.  The  diameter  of  the  small  standard  was 
J=2.2^"',  and  of  the  large  standard  2>=8.2'°.  The  weights  of  the 
14  blocks  were  successively 

the  difference  between  any  two  successive  blocks  being  pi—pjZzzS^, 
The  diameter  was  8=3. 5«  for  all.  The  result  of  the  child's  two 
judgments  was  that  io=:pt  for  the  small  standard  and  w^zpi  for  the 
large  standard.  The  amounts  of  difference  Vk^zp^—io  and  Vi^pi^w 
can  be  taken  as  measures  of  the  effect  of  the  different  sizes  of  the 
standard  and  the  blocks  of  the  14-series.  As  all  blocks  were  cylin- 
ders of  the  same  length,  we  can,  if  we  neglect  effects  of  contrast  of 
length  to  diameter,  express  the  difference  in  size  by  the  areas  of  the 
ends.  Thus  the  visual  suggestions  can  be  indicated  by  J(7r8'— 7rcP)=Wt 
and  ^(ttD'^ —'K^):=zui  respectively.  As  the  differences  t?*  and  Vi  disap- 
pear when  the  blocks  are  lifted  without  being  seen,  we  can  put 

V*— /*(wt)  and  V/==/;(w/). 

Full  expressions  for  f  and  fi  for  a  given  individual  would  give 
the  law  of  suggestion  for  the  given  case.  The  determination  of 
this  law  was  not  the  object  of  the  investigation,  in  which  xij,  and 
Ui  were  taken  constant.  For  the  sake  of  brevity  the  difference 
between  the  large  block  and  the  small  block  was  taken  as  the  amount 
of  suggestion  ;  thus  the  constant  suggestion  was  taken  as 

The  result  of  this  suggestion  is 

If  by  ^  we  indicate  the  age  then 
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and  by  taking  S  =  constant,  we  obtain 

S=f{A) 

or  the  force  of  suggestion  as  a  dependent  on  age. 

Method  of  computation.    The  method  of  computing  the  results 
can  be  thus  indicated.     Let  the  results  be 

*„  ^,  .     .     .,  ^, 


where  the  letters  a,  J,  .     .     .,  ^  refer  to  different  children  and  the 
indices  1,  2,  .     .     .,  w  refer  to  experiments  on  the  same  child. 

If  we  express  by  jB,==/1(jc)  the  fact  that  R  is  determined  from  the 
i  powers  of  a;,  then  for  the  median  we  have  the  general  expression 

and  for  the  arithmetic  mean 

For  the  reasons  indicated  on  p.  23  the  mean  variations  are  deter- 
mined as  f. 

We  have  thus  for  the  individual  children  the  medians 


The  mean  variations  for  the  individual  children  will  be 
2>,=z:/,([a,-cJ,  [a,-c.],  .     .     .,  K-oJ) 


^i^fAih  -c,l  [/.  -ej,  .     .     .,  [/.  -c,]) 
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These  mean  variations  can  be  regarded  as  psychological  quantities 
expressing  the  accuracy  of  each  child's  judgment.  The  median 
accuracy  of  judgment  for  the  particular  age  r  will  be 

This  can  be  called  the  mean  personal  insecurity. 

These  individual  quantities  are  quite  different  from  the  statistical 
mean  variations,  which  are  taken  in  order  to  show  the  homogeneity 
of  the  children  for  any  given  age.  The  median  for  a  given  age  r  is 
found  by 

The  mean  variation  of  the  children  from  the  general  mean  will  be 

A=/;([Oa— <?r],  [Ci-c,\  .     .     .,  [c,-cj). 

Limited  series.  In  tests  (1),  (2)  and  (3)  it  was  discovered  too 
late  that  the  series  of  blocks  and  colors  did  not  extend  far  enough 
to  include  extreme  cases.  In  each  table  there  is  a  column  with  the 
percentage  of  cases  where  the  least  perceptible  difference  or  the 
force  of  suggestion  went  beyond  the  limits  of  the  apparatus,  and  in 
the  charts  dotted  curves  are  given  for  these  cases.  Gilbert  states 
that  the  column  of  mean  values  does  not  give  the  quite  correct 
result  unless  it  be  considered  in  relation  to  the  column  of  percentages 
just  mentioned.  This  statement  would  be  true  if  the  mean  value 
used  had  been  the  arithmetic  mean  but  is  not  true  for  Gilbert's 
results  as  the  mean  value  used  was  the  median.  As  explained  on 
p.  32  the  separate  values  influence  the  median  only  as  being  above 
or  below  it.  The  median  child  remains  just  the  same  whether  an 
extreme  child  exceeds  the  recording  power  of  the  apparatus  or  not. 
The  columns  of  means  and  their  curves  are  thus  completely  correct 
in  themselves.  The  columns  of  percentages  of  no-discrimination  give 
really  another  representative  value  of  no  particular  use  in  itself  but 
quite  important  when  compared  with  the  medians  as  indicating  the 
form  of  the  frequency-curve  and  the  even  course  of  the  curve  of 
results  according  to  age.  In  this  respect  it  is  as  important  as  the 
mean  variation. 

The  column  of  these  percentages,  although  having  no  influence  on 
the  median,  does  have  an  influence  on  the  mean  variation.  The 
mean  variations  are  all  too  small  by  a  quantity  {  following  the  law 
^znf  {Pj.  If  the  positive  and  negative  mean  variations  had  been 
calculated  for  the  (100— P)^  of  the  cases  separately,  a  deduction  on 
the  assumption  of  (11),  p.  12,  would  have  rendered  it  possible  to 
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calculate  the  actual  mean  variation  for  the  whole  number  indepen- 
dent of  the  limitations  of  the  apparatus.  The  gain,  however,  would 
have  been  incommensurate  with  the  labor;  the  mean-variation-curves 
would  resemble  those  actually  given  and  would  simply  be  steeper  at 
the  left. 

The  columns  headed  PB  and  PO  give  us  the  means  of  answering 
the  question  as  to  when  the  difference  between  the  boys  and  girls 
recorded  for  any  given  age  is  to  be  considered  as  a  true  diflPerence 
between  the  sexes  or  as  merely  the  result  of  the  finite  number  of 
cases  considered. 

The  method  is  as  follows.  Let  the  percentage  of  the  total  n  boys 
within  the  limits  of  the  test  be/>=(100 — PB)^  and  of  those  beyond 
he  q=z  PP^ ;  likewise  for  n  girls  let  the  percentages  be  p'=z 
(100— P6r),1^,  q'=zPG^,  According  to  a  well-known  theorem'  we 
can  assert  with  a  probability  of  *(y)  that  the  two  classes  are  diflPer- 
ent,  provided 


/2p<j  .    2p'f/ 


^    ^  '  ^      n  n 


where  *(y)  is  the  function  expressed  on  p.  20. 

I  have  tested  some  specimen  cases  in  this  way  and  find  that  for 
these  three  tests  it  cannot  be  asserted  in  many  cases  with  a  practical 
certainty  of  *(y)=:0.999978  that  there  is  a  real  difference  between  the 
two  sexes. 

Another  test  is  furnished  by  Bayes's  theorem  used  on  p.  38.  This 
theorem  can  be  applied  to  all  the  tables. 

In  a  like  manner  the  differences  between  successive  ages  can  be 
tested. 


*  Illustrated  in  Lexis,  Einleitimg  in  die  Theorie  der  Bevolkcrungstatistik,  103.  Strass- 
burg  1875. 


EXPERIMENTS  ON   THE   HIGHEST  AUDIBLE  TONE, 

BY 

E.  W.  Scripture  and  Howard  F.  Smith. 

The  highest  aadible  tone,  or  the  upper  limit  of  pitch,  is  that  tone  at 
the  extremity  of  the  series  of  tones  arranged  according  to  pitch  beyond 
which  any  rise  in  frequency  of  vibration  fails  to  produce  a  sensation 
of  tone.  The  highest  audible  tone  is  defined  psychophysically  by 
the  frequency  of  the  physical  vibrations  corresponding  to  it.  The 
term  "  vibration  "  is  understood  to  mean  one  complete  pendular  oscil- 
lation including  both  phases.  The  highest  audible  tone  has  been 
differently  determined  by  various  observers :  Sauveur,  6  400  : 
Chladni,  8  192  ;  Wollaston,  25  000  ;  Savart,  24  000  ;  Despretz, 
36  864  ;  Blake,  40  000  to  60  000. 

The  great  discrepancy  in  the  results  is  usually  said  to  have  been 
due  to  the  imperfections  of  the  apparatus  employed.  There  is  no 
need,  however,  of  this  assumption,  as  there  is  a  source  of  variation 
quite  sufficient  to  explain  the  discrepancy ;  it  is  unquestionable  that 
these  men  worked  with  tones  of  different  intensities. 

Even  in  the  very  latest  experiments  the  factor  of  intensity  has  been 
generally  overlooked.  Savart  was  the  first  to  observe  that  the 
highest  audible  tone  was  different  for  different  intensities.  Ratleioh^ 
took  care  to  keep  his  tones  of  approximately  the  same  intensity. 
Blake,  who  used  a  succession  of  steel  bars  of  varying  length,  pro- 
duced the  tone  by  a  pendulum-hammer  swinging  over  a  graduated 
scale,  thus  insuring  a  nearly  uniform  stroke  and  correspondingly 
uniform  intensity  of  tone.  These  experiments,  however,  went  no 
farther  than  to  secure  a  constant  intensity. 

The  highest  audible  tone  requires  in  each  case  a  measurement  of 
intensity  as  well  as  of  pitch  in  order  to  complete  its  determination. 
It  thus  becomes  important  to  inquire  how  the  pitch  of  this  tone 
depends  on  the  intensity,  or,  in  other  words,  to  determine  what  the 
highest  audible  tone  is  for  each  intensity. 

Apparatus. 

The  first  step  in  solving  this  problem  was  the  selection  of  an  ap- 
paratus giving  tones  of  the  required  pitch,  but  so  arranged  that  the 


'Ratleigh,   AcousticcU  observatioTis ;  Very  high  notes,    Phil.  Mag.,  1882  (5) 
XIII  344. 
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intensity  could  be  kept  constant  at  any  desired  point  and  could  be 
readily  and  accurately  varied.  Tuning  forks  were  not  used  because 
the  range  for  the  highest  audible  tone  is  so  wide  that  a  verj'  large 
number  of  forks  would  be  required,  and  also  because  they  do  not 
admit  any  accurate  regulation  of  intensity.  The  rods  of  KoNir,  with 
pendulum-hammer  are  in  some  respects  better  than  the  forks  but  are 
not  very  easy  to  manipulate  in  rapidly  conducted  tests,  such  as  are 
necessary  in  order  not  to  fatigue  the  observer  ;  moreover,  the  sound 
of  the  impact  of  the  hammer  cannot  fail  to  be  a  disturbing  element 
in  the  experiment.  Neither  the  forks  nor  the  rods  give  a  sustained 
tone,  but  one  of  rapidly  decreasing  intensity. 

The  Galton-Koenig  whistle  was  selected  as  the  most  reliable  and 
readily  manipulated  instrument  for  the  tests  proposed.  It  gives  a 
sustained  tone  as  long  as  the  blast  of  air  continues  ;  the  pitch  of  the 
tone  is  readily  and  accurately  varied.  The  whistle  consists  of  a 
brass  tube,  about  V*^"*  in  length  with  a  cap  screwing  over  one  end. 
To  this  cap  there  is  attached  an  accurately  fitting  piston,  which 
moves  inside  the  tube  as  the  cap  is  screwed  upward  or  downward. 
The  outside  of  the  tube  is  marked  with  a  longitudinal  scale  the  unit 
of  which  is  1"'™,  the  length  of  the  scale  being  12°*".  The  screw  is  so 
arranged  that  one  complete  turn  of  the  cap  carries  the  piston  a  dis- 
tance of  1™'".  The  upper  rim  of  the  cap  is  divided  into  ten  divisions, 
each  one  representing  a  movement  of  the  piston  through  0.1'""'. 
These  divisions  being  very  large,  the  sub-divisions  of  0.01'""'  can  be 
obtained  by  the  eja*  without  error.  The  maker's  graduation  was 
verified  to  0.01"'™.  The  whistle  is  blown  by  a  current  of  air  forced 
into  the  bottom  of  the  tube  ;  near  the  bottom  there  is  a  narrow  slot 
extending  across  one-half  of  the  circumference.  The  whistle  is  thus 
a  closed  labial  pipe  and  the  tone  produced  will  be  determined  by 

u 
"  =  4/' 

n  being  the  number  of  vibrations,  v  the  velocity  of  sound  and  I  the 
length  of  the  pipe.  The  velocity  of  sound  in  dry  air  at  0°  C.  is 
generally  given  as  330.7™ ;  for  the  temperature  of  ^°  it  will  be 


330.  /  Vl  +  0.00367  t. 

The  average  temperature  of  the  room  used  can  be  taken  as  20®  C.  ;  as 
the  temperature  was  not  recorded  we  can  assume  ±  1°  C.  as  the 
limit  of  fluctuation  during  a  set  of  experiments.  This  gives  v  = 
342.625'°  with  a  mean  error  of  5  per  cent,  (estimated).     As  the  actual 


'H 
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mean  variation  for  a  set  of  results  seldom  exceeded  6  per  cent,  it  may- 
well  be  supposed  that  the  constant  of  precision  of  the  measurements 
was  in  this  case  determined  by  technical  errors  and  not  by  psycho- 
logical variations.  In  future  experiments  it  will  be  necessary  to  main- 
tain the  room  at  an  even  temperature  during  each  set  of  experiments  ; 
and  to  calculate  the  pitch  with  the  appropriate  value  of  v  for  each 
change,  possibly  also  to  be  on  guard  against  sudden  barometric 
changes. 

It  may  seem  remarkable  that  we  should  have  neglected  to  record 
the  temperature  of  the  room.  We  give  the  following  as  reasons  :  1 . 
we  did  not  expect  after  the  elimination  of  the  error  of  air-pressure 
to  find  the  psychological  sources  of  error  smaller  than  the  technical 
ones  ;  2.  the  temperature  of  the  air  has  not  been  regarded  in  pre- 
vious experiments  ;  3.  it  is  not  the  custom  of  psychological  labora- 
tories to  pay  attention  to  the  psychological  and  instrumental  errors 
due  to  changes  in  temperature. 

Several  means  of  blowing  the  whistle  have  been  employed. 
Galton*  used  a  single  rubber  bulb.  Zwaardemaker'  used  a  fun- 
nel with  a  rubber  membrane  stretched  across  the  large  opening,  the 
smaller  end  being  connected  with  the  whistle  by  a  rubber  tube  ;  the 
funnel  was  depressed  through  a  constant  distance.  These  methods 
are  none  of  them  strictly  reliable.  The  pressure  is  intermittent  and 
cannot  be  accurately  regulated.  The  only  possible  method  of  obtain- 
ing a  current  of  air  of  constant  intensity,  seems  to  be  by  use  of  a 
rotary-fan  blower.  This  method  has  been  previously  described  and 
tested.*  The  source  of  power  used  by  us  was  an  electric  motor  run 
by  the  city-current ;  there  were  no  perceptible  fluctuations  in 
speed.  The  fan- wheel  of  the  blower  made  from  13  000  to  15  000 
revolutions  a  minute.  The  blast  was  carried  by  a  rubber  hose  into 
a  room  in  another  part  of  the  laboratory  ;  thus  all  noise  from  the 
machinery  was  avoided.  The  hose  led  to  a  rubber  tube,  in  which 
was  a  stop-cock.  The  rubber  tube  ended  in  a  glass  T-coupling  with 
a  rubber  tube  on  each  end  of  the  cross-arm.  One  of  these  led  to  the 
whistle,  the  other  to  a  water- manometer.  The  manometer  scale  was 
graduated  to  millimeters  ;  the  height  of  the  column  of  water  gave  the 

^  G  ALTON,  Whistles  for  audibility  of  shrill  noteSy  Inquiries  into  Human  Faculty, 
88,  New  York  1883. 

'  ZwAARDEMAKER,  DeT  Umfoiig  des  Oehors  in  den  verschiedenen  Lebensjahren, 
Zt.  f.  Psvch.  n.  PhvB.  Sinn.,  1894  VII 10. 

'Scripture,^  constant  blast  for  acoustical  purposes^  Am.  Jour.  Psych.,  1892 
IV  582. 
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pressure  of  the  blast  of  air  supplied  to  the  whistle.  The  pressure 
was  regulated  by  the  stopcock.  In  this  manner  a  constant  blast  of 
air  could  be  maintained  for  any  given  time  and  the  intensity  could 
be  varied  at  will.  The  fluctuations  of  pressure  as  indicated  by  the 
manometer  did  not  exceed  1  per  cent.  Experiments  were  made  with 
five  different  pressures,  50"",  100"",  150"",  200""  and  250"".  Within 
the  limits  of  accuracy  of  5  per  cent,  with  which  the  experiments  were 
conducted,  the  intensity  of  the  vibratory  movement  could  be  con- 
sidered as  varying  in  direct  proportion  to  the  pressure  of  the  blast. 

In  some  of  the  earlier  experiments  we  used  a  foot-blower  as  a  bel- 
lows. Even  the  best  bellows  cannot  be  accurately  regulated  ;  a  foot- 
blowev  still  less  so.  The  following  mean  variations  are  from  experi- 
ments on  trustworthv  observers.  With  the  foot-blower  we  find,  for 
example,  mean  variations  of  10^,  14^,  b^,  d^,  S^,  13jc  ;  with  the 
rotary-fan  blower,  5^,  9^,  2^,  7^,  4^,  2^.  The  records  are  not  on 
the  same  observers  in  the  two  cases  but  the  difference  is  suflicient  to 
indicate  quite  a  gain  in  accuracy  by  using  the  rotary  blower. 

The  whistle  was  started  near  0,  i.  e.  above  the  upper  limit  of  pitch, 
and  the  cap  was  gradually  unscrewed  until  the  observer  detected  a 
tone.  The  reading  of  the  scale  was  observed  at  this  point.  The 
cap  was  unscrewed  a  little  further  to  make  sure  that  a  good  musical 
tone  was  heard;  then  it  was  screwed  up  again,  stopping  at  the  instant 
the  observer  lost  the  tone.  The  two  readings  were  noted  down  in 
separate  sets,  D  and  A.  This  was  repeated  five  times,  making  10 
records  with  the  given  intensity.  Sets  of  records  were  made  in  suc- 
cession with  the  five  pressures,  beginning  at  60"".  After  a  rest  of 
about  3  minutes  another  series  of  50  records  was  made  but  the  pres- 
sures were  used  in  the  reverse  order.  This  reversal  of  the  order  of 
the  pressures  eliminated  the  error  of  fatigue,  if  there  was  any. 

It  will  be  noticed  that  the  method  differed  from  that  used  by 
previous  observers,  being  the  method  of  regular  variation.^ 

The  execution  of  the  experiments  was  in  charge  of  H.  F.  Smith 
who  is  responsible  for  the  care  exercised.  The  setting  up  of  the 
blower,  shafting  and  belting  was  done  by  the  laboratory  mechanic, 
J.  H.  Hogan,  who  controlled  the  running  of  the  machinery  during 
the  experiments.  Rubber  belting  was  used,  but  owing  to  its  inferior 
flexibility  it  should  in  future  be  avoided  for  small  pulleys  like  that 


^ScBiFTURE,  On  the  method  of  regular  variation,  Am.  Jour.  Psych.,  1891  IV 
577. 

*SciiiFTURE,  Ueber  die  AenderungsempfindlicfUeeit,  Zt.  Psych.  Phys.  Siun., 
1894  VI  472.       . 
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on  the  blower  ;  with  the  high  speed  used  it  has  been  ignited  by  the 
slipping.  The  whole  arrangement  of  apparatus  was  supervised  and 
inspected  by  E.  W.  Scripture. 

Computation. 

The  median  value  was  taken  for  each  single  set  of  five  of  the  same 
kind.  For  the  result  descending  or  for  the  result  ascending  the  two 
medians  were  weighted  in  the  usual  way  inversely  as  the  square  root 
of  the  mean  variations  and  were  then  averaged.  For  the  final  result 
the  four  medians  were  weighted  and  averaged. 

As  the  use  of  the  median  is  new,  all  the  results  were  calculated 
also  in  the  usual  way  to  obtain  the  arithmetical  mean.  The  compo- 
nents were  weighted  in  the  regular  way. 

The  computation  was  done  by  E.  W.  Scripture  with  the  aid 
of  Crelle's,  Rechentafeln.  There  were  in  all  120  sets  of  6  results 
each.  The  median  of  each  set  was  first  recorded,  then  the  error  of 
each  result  from  its  median  was  written  underneath  it.  The  average 
of  each  set  and  the  error  of  each  result  were  likewise  computed  and 
were  written  beside  the  median  and  its  errors.  It  was  soon  noticed 
that  the  average  seldom  differed  much  from  the  median  ;  this  was 
used  as  a  check  on  the  computation  of  the  average,  the  whole  com- 
putation being  repeated  in  case  of  much  divergence.  It  was  also 
noticed  that,  given  the  median  and  the  average,  the  errors  from  the 
average  could  be  calculated  from  the  column  of  errors  from  the 
median  ;  for  the  latter  half  of  the  work  this  was  done  by  the  amanu- 
ensis while  the  computer  calculated  the  errors  directly.  As  a  creden- 
tial for  the  reliability  of  the  computation,  it  can  be  said  that  only  one 
mistake  in  the  calculation  of  the  errors  was  found  in  the  results  veri- 
fied in  this  way.  The  mean  errors  of  each  of  the  240  sets  of  five 
errors  were  computed  according  to  the  formula  on  pp.  18, 24,  the  divis- 
ion by  4.5  being  performed  from  the  multiplication  table  for  45. 
The  square  root  of  each  mean  error  was  taken  from  a  table  of 
square  roots.  The  reciprocals  for  weights  were  written  as  decimals 
to  two  places. 

Influence  of  intensity. 

The  results  are  given  in  table  I.  Although  the  results  were  calcu- 
lated into  vibrations,  they  were  allowed  to  stand  in  the  table  as 
hundredths  of  a  millimeter  in  order  to  avoid  the  impression  of  a  false 
degree  of  accuracy  which  arises  when  0.01"*™  is  turned  into  a  whole 
number  with  zeros  at  the  end.  In  the  curve  (fig.  33)  the  frequencies 
are  given  for  the  sake  of  comparison. 
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Table  I. 
Unit  of  measurement,  0.01"". 
50"".        100"".      150"".      200"". 
P^rv,«f^ir        i^83  541  361  247 

\^OIU8UK3K  -  -  -  "j      «98  M3  M8  »4J 

wov.^^  i»l«  464  868  276 

cisnop \    M4  4e9  3e4  «n 

^  .  (955  624  381  835 

w  arers i    ms  bu  an  ns 

^  (938  566  365  265 

rersons ■<    93^  5^1  geo  ?« 

^    ,.  (923  627  364  889 

Qosbng -j    „7  6„  aw  337 

^    ,  .  ,  (907  424  317  207 

l^UrDlSn -J      905  425  MO  «02 

Large  figures,  computation  with  medians. 
Small  figures,  computation  with  averages. 
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Experiments  on  the  highest  audible  tone,  1 1 1 

1.  The  general  result  for  all  observers  indicates  that  the  pitch  of 
the  highest  audible  tone  varies  directly  and  almost  proportionately 
with  the  intensity.  The  deviation  from  exact  proportionality  does 
not  exceed  the  mean  variation  of  the  separate  observers  from  the 
final  averages.  The  curves  of  results  agree  very  closely  for  all 
observers  except  for  the  pressure  260"'".  This  disagreement  may  be 
due  to  the  very  great  and  almost  painful  intensity  of  the  tone. 

2.  The  lowest  results  reach  almost  to  Chladni's  and  the  highest 
almost  to  Blake's,  suggesting  differences  in  intensity  as  the  possible 
sources  of  discrepancy  of  previous  results. 

3.  How  far  the  upper  limit  can  be  pushed  with  still  greater  inten- 
sity, it  is  impossible  to  say.  With  a  pressure  of  250™"*  of  water  the 
tone  of  the  whistle  is  already  very  painful  and  fatiguing. 

Influence  of  direction. 

Experiments  descending  from  0  of  the  scale,  i.  e.  from  high  to  low 
pitch,  or  from  silence  to  sound,  alternated  with  those  from  low  to 
high,  or  from  tone  to  silence.  The  differences  between  the  two  are 
shown  in  table  II.  In  order  to  detect  any  influence  of  fatigue  the 
separate  pairs  for  a  given  pressure  were  not  united. 

Table  II. 

Unit  of  measurement,  0.01"™. 

50""".  lOO""".  ISO*"".  200"°'.  250"".  260"".  200"".  150"".  100"".  50"".         R. 
0     +28       +20       +29  +28       +89       +88       +28 

0+S7+58+4S  4.50+80+08 

+  55       +21       +65     +55       +75       +50       +45       +41       +46       +50 

+  57         +28         +5S+5S         +88         +47         +86         +26         +46 

+  46  0+2+5-2+85+28+7+24+9 

+  16  -14         +25+3         +11         +28         +2         +15         +17 

+  25       +26       +17+10      -  3       +48       +28       +86       +18       +24 

+  14         +28         +16+11  -     6         +80         +81         +18         +19 

-j-25       +21       +  2     +28       +26       +  5       +82       +31       +24       +26 


+  13         +19         +13+22         +18         +9         +84         +28         +17 


Comstock.  ] 

!>•  I.  i  +42 

Bishop  ...  j  ^  ^ 

Waters ]  ^25 

Persons...  ]  +  43 

Gosling...]  +^J 

FtirK- >.       i  +20     -14      -48       +28     +32      -6       +14       +86       +16       +86       +18 

rUTDlsn   --|+22+7  -41  +30+19         -6         +84         +80         +8         +22 

The  figures  give  the  differences  between  results  descending  and  ascending,  D — A. 

Larger  figures,  differences  between  medians. 

Smaller  figures,  differences  between  averages.  • 

The  figures  prove  conclusively  that  the  highest  audible  tone  when 
proceeding  from  silence  to  tone  is  much  higher  than  the  highest 
audible  tone  from  tone  to  silence.  The  column  R  gives  the  median 
difference  for  each  person  for  the  various  pressures.     The  average 
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difference  was  not  calculated.  An  inspection  of  the  table  shows  tliat 
the  averages  run  along  closely  with  the  medians  ;  the  calculation  of 
the  averages  would  require  considerable  labor  and  would  add  noth- 
ing to  our  knowledge. 

The  table  makes  evident  that,  within  the  limits  of  accuracy  em- 
ployed, D — A  is  not  a  function  of  the  intensity. 

Fatigue. 

Single  sets  of  experiments  sometimes  showed  considerable  differ- 
ences whether  taken  at  the  beginning  or  at  the  end  of  the  series. 
To  determine  the  amount  of  fatigue  the  difference  between  the  first 
pair  and  the  last  pair  for  each  pressure  was  computed.  Thus  a  table 
was  formed  giving  the  differences  between  the  1.  and  10.  pairs,  2. 
and  9.  pairs,  3.  and  8.  pairs,  4.  and  7.  pairs,  5.  and  6.  pairs.  The 
values  showed  such  irregularity  that  it  can  not  be  said  either  that 
fatigue  raises  the  upper  limit  or  lowers  it. 

In  similar  manner  some  of  the  mean  variations  were  compared. 
The  result  was  the  same  ;  it  cannot  be  said  that  fatigue  influences 
the  regularity  of  judgment. 

The  attempt  was  made  to  fatigue  the  ear  directly.  After  the  com- 
plete set  of  experiments  was  finished  with  Bishop,  the  whistle  ivas 
blown  steadily  for  45  seconds  at  200"'"  pressure  and  then  1 0  records 
were  taken  at  that  pressure.  The  change  of  upper  limit  was  not 
sufficient  to  warrant  any  conclusion.  This  line  of  experiment  lay 
somewhat  aside  from  the  problem  and  was  not  extended. 

Miscellaneous  observations. 

A  phenomenon,  closely  related  to  fatigue,  appeared  in  the  oscilla- 
tory change  from  sound  to  silence.  If  the  whistle  was  kept  station- 
ary at  the  pitch  where  the  tone  had  just  been  lost,  the  tone  would 
alternately  be  heard  and  lost  again.  The  experience  is  similar  to  the 
phenomenon  of  fluctuation  of  attention  with  weak  sensations. 
Another  fact  noticed  was  that  even  above  where  the  tone  could  no 
longer  be  heard,  an  indefinite,  somewhat  painful  sensation  was  felt  in 
the  ear. 

It  may  not  be  uninteresting  to  note  certain  questions  arising  con- 
cerning the  functions  of  the  middle  and  internal  ear.  IIelmholtz's 
piano-string  theory  of  the  function  of  the  cochlea  being  accepted, 
does  the  energy  required  to  arouse  the  shorter  resonating  membranes 
increase  as  the  pitch  of  the  membrane  increases  ?  If  so,  why  should 
there  be  the  oscillating  fluctuation  in  the  hearing  of  the  tone  as  just 


^Experiments  on  the  highest  audible  tone.  113 

DOted  ?  The  qaestion  of  the  end-organs  being  left  aside,  might  not 
the  abilty  of  accommodation  by  the  tympanum,  as  determined  by  the 
action  of  the  M,  tensor  tympani  be  the  determining  factor  for  the 
highest  audible  tone  ?  The  extent  of  the  reflex -action  of  a  muscle 
depends  to  some  degree  on  the  intensity  of  the  stimulus  affecting 
the  sense-organs.  The  impulse  to  accommodation  proceeding  through 
sensory  and  motor  centers  might  be  weaker  for  weak  sounds,  the 
tympanum  would  be  less  tightly  stretched  and  as  the  pitch  increased 
the  limit  of  accommodation  would  be  reached  sooner  than  with  louder 
sounds.  On  the  other  hand  loud  sounds  would  produce  a  much 
greater  tension  and  therefore  a  higher  accommodation.  If  this 
hypothesis  is  justifiable,  the  highest  audible  tone  would  be  a  matter 
of  tympanic  accommodation.  The  oscillations  mentioned  would  cor- 
respond to  the  oscillatory  fatigue  and  recovery  of  the  nervous  cen- 
ters regulating  muscular  effort. 

In  this  connection  it  may  be  suggested  that  the  gradual  falling  off 
in  the  pitch  of  the  highest  audible  tone  with  advancing  age*  may  be 
due,  1.  to  the  gradual  loss  of  function  of  the  resonating  organs  of 
the  cochlea,  proceeding  from  those  of  higher  pitch  downward  ;  2.  to 
the  gradual  obtuseness  of  these  organs,  rendering  them  f  unctionless 
for  a  given  intensity  but  capable  of  answering  to  greater  intensities  ; 
or,  d.  to  a  gradual  decrease  in  the  power  of  accommodation.  The 
problem  cannot  be  settled  till  Zwardemaakeb's  experiments  are 
repeated  with  different  intensities. 

^  Z  WARDBM  A  A  KBB,  DtT  Umfaug  des  Oehors  in  den  verschiedenen  Lehensjahren^ 
Zt.  Psych,  Phys.  Sinn.,  1894  VII 10. 
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In  an  article  on  the  course  of  mascular  training  Fechner^  recorded 
the  numher  of  times  day  after  day  that  he  was  able  to  raise  two  dumb- 
bells, about  9^  lbs.  each,  once  a  second  from  his  side  to  over  his 
head.  The  records  extended  over  sixty  days  in  succession.  They 
show  a  steady  general  gain  with  small  oscillations,  the  general  course 
of  the  curve  representing  the  increase  of  power  owing  to  practice  and 
the  oscillations  showing  the  conflicting  efPects  of  fatigue.  The  final 
conclusion,  as  stated  by  Fechner,  is  that  during  the  first  14  days 
there  were  no  permanent  effects  of  practice  visible,  that  up  to  the  40. 
day  there  was  a  gradual  gain  and  that  with  the  41.  day  there  was  a 
great  gain  which  increased  rapidly  with  great  oscillations  till  the  55. 
day,  after  which  there  was  a  sudden  fall. 

YoLKMAKN*  made  experiments  on  the  education  of  the  fineness  of 
space-discrimination  as  judged  by  the  skin,  using  Weber's  compass 
in  the  usual  way.  These  experiments,  however,  are  not  quite  com- 
parable with  Fechner's  as  each  series  was  made  at  a  single  sitting. 
Volkmann's  two  series  of  experiments  on  sight  extended  over  12 
days  and  gave  curves  similar  in  form  to  his  touch  curves.  Volk- 
mann's  curves  resemble  Fechner'S  if  we  omit  the  flat  part  of  slow 
increase  at  the  beginning  on  the  supposition  that  both  skin  and  eye 
have  already  received  their  early  training.  In  the  same  article  Volk- 
MANN  relates  experiments  showing  that  practice  of  the  finger-tip  of 
the  left  hand  increases  the  fineness  of  touch  of  the  finger-tip  of  the 
right  hand  but  does  not  increase  that  of  the  left  fore-arm.  Further 
experiments  show  that  practice  on  the  third  phalanx  increases  the 
fineness  on  the  first  phalanx.  Thus,  training  of  one  portion  of  the 
body  trains  at  the  same  time  the  symmetrical  part  and  also  neighbor- 
ing parts. 

^FscHinER,  Uber  den  Gang  der  MuskelUbungy  Ber.  d.  k.-ettohs.  Qes.  d.  Wise., 
math.-ph78.  El.,  1857  IX  118. 

'VoLKMANN,  Ueher  den  EinflMSS  der  Uebung  auf  dcu  Erkennen  rdumlicher  Dis- 
tanzenf  Ber.  d.  k.-sttohs.  Ges.  d.  Wise.,  math.-phys.  Kl.,  1858  X  38. 
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FfiCHNEB*  relates  an  observation  by  Weber  on  the  ability 
to  write  with  the  left  hand  obtained  by  learning  with  the  right 
hand.  Fechneb  states  that  practice  in  writing  the  figure  9  back- 
ward with  the  left  hand  frequently  caused  him  involuntarily  to 
write  the  9  backward  when  he  used  the  right. 

These  observations  seemed  of  sufficient  importance  to  justify  a 
further  inquiry  regarding  the  general  law  of  education  followed  by 
our  muscular  abilities  and  also  regarding  the  possibility  of  what  may 
briefly  be  called  **  cross-education."  It  proved  most  convenient  to 
make  experiments  on  muscular  control  and  on  muscular  power  ;  the 
former  were  carried  out  by  Miss  Smith,  the  .latter  by  Miss  Brown. 

Muscular  control. 

In  undertaking  the  experiments  on  muscular  control  two  ques- 
tions were  proposed  :  ] .  Can  steadiness  of  movement  be  increased  by 
practice  ?  2.  If  so,  is  such  increase  confined  to  the  muscles  immedi- 
ately trained  or,  as  in  the  case  of  discriminating  sensitiveness  of 
the  skin,  are  the  corresponding  muscles  in  the  opposite  half  of  the 
body  affectea.v 

The  apparatus  used  for  these  experiments  consisted  of  a  Brown  & 
Sharpe  twist-drill  gauge,  2"""  thick,  having  a  series  of  60  holes  vary- 
ing in  size  from  0.0400  in.  to  0.2280  in.  (0.1160™"  to  5.V912™").  This 
was  fixed  on  a  board  in  a  vertical  position  and  connected  with  one 
pole  of  a  battery.  From  the  other  pole  a  flexible  connector  led  to  a 
light  rod  76*™  long  in  the  end  of  which  a  needle  was  inserted.  An 
electric  bell  introduced  into  the  circuit  recorded  any  contact  of  the 
needle  with  the  gauge-plate. 

In  the  first  experiments  the  method  was  tried  of  putting  the 
needle  without  touching  the  plate  into  as  many  successive  holes  of 
decreaeing  size  as  possible,  ending  the  trial  at  the  first  error. 
Although  the  results  indicated  a  marked  increase  of  steadiness  in 
both  hands,  the  mean  variation  was  so  great,  owing  largely  to  the 
element  of  fatigue  which  limited  the  number  of  experiments  taken 
at  one  time,  that  they  were  thrown  aside  as  worthless.  After  an 
interval  of  three  weeks,  during  which  the  results  of  the  previous 
training  had  disappeared,  the  experiments  were  resumed.  This  time 
the  measure  of  accuracy  was  the  ability  to  insert  the  needle  into  a 
single  hole  0.1 285  in.  (3.2639™™)  in  diameter.    The  vertical  metal  plate 


*  Fechner,  Beohachtungtny  welehe  zu  bev^eisen  scheinen,  dass  durch  die  Uebung 
der  Olieder  der  einen  Seite  die  der  andern  zugleich  mil  geUbt  werdeUy  Ber.  d.  k.- 
ettohs.  Ges.  d.  Wiss.,  math-phys.  Kl.,  1858  X  70. 
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containing  tlie  hole  was  placed  directly  in  front  of  the  observer  ;  the 
right  foFe-arm  was  rested  on  the  edge  of  the  table ;  the  stick  was 
grasped  like  a  pencil  and  by  a  steady  movement  of  the  hand  and 
wriat  the  metal  point  was  inserted  in  the  hole.  Any  contact  of  the 
point  against  the  side  of  the  bole  was  counted  as  an  error.  The  per 
cent,  of  successful  insertions  was  considered  the  measure  of  accuracy. 
Since  the  completion  of  the  experiments  a  new  apparatus  (fig.  34)  has 


been  invented  especially  for  the  purpose.  It  represents  the  result 
of  previous  experience  and  will  be  used  for  future  work.  It  consists 
of  a  flat  block  of  hard  rubber  supported  vertically  by  a  rod.  On  the 
face  of  the  block  is  a  strip  of  brass  in  which  there  are  five  hard  rub- 
ber circles,  1""°,  2""",  a""",  4""°  and  fi"""  in  diameter.  Electrical  con- 
nection is  made  by  a  binding-post  at  the  back.  Tbe  edges  of  the 
circles  are  flush  with  the  braes.  The  object  is  to  touch  the  rubber 
circle  with  the  metal  point  by  a  single  steady  movement.  Sufhcient 
UDSteadineas  of  the  hand  will  cause  the  point  to  touch  the  metal, 
whereupon  the  alarm  is  rung.  With  the  same  circle  the  steadiness  of 
tbe  hand  can  be  considered  to  be  directly  proportional  to  the  per 
cent,  of  successful  trials.  The  movement  of  the  hand  is  guided  by 
sight. 

The  experiments  were  all  made  by  Miss  Smith  with  the  drill  gauge 
before  the  invention  of  the  new  apparatus.  The  first  set  consisted 
of  20  experiments  with  the  left  hand;  the  result  was  50  per  cent,  of 
successful  trials.  Immediately  thereafter  20  experiments  were  made 
with  the  right  hand,  with  a  result  of  60  per  cent,  of  succe.isful  trials. 
On  the  following  day  and  on  each  successive  day  two  hundred  ex- 
periments were  taken  with  the  right  hand,  the  same  conditions  in 
regard  to  time,  bodily  condition  and  position  in  making  the  experi- 
ments being  miintained  as  far  as  possible.  The  percentage  of  suc- 
cessful trials  ran  as  follows;  61,  64,  66,  75,  74,  75,  82,  70,  78,  He. 
The  increase  in  accuracy  is  represented  in  the  curve  in  tig.  35. 

On  tbe  10.  day  the  left  hand  was  tested  with  twenty  experiments 
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as  before,  with  76  per  cent,  of  euccessf ul  trials,  thus  showing  an 
increase  of  twenty-six  per  cent,  without  practice  in  the  time  during 
which  the  right  hand  had  gained  as  shown  by  the  figures  above. 


t 


JO 


Fig.  86. 

That  the  increase  of  steadiness  was  not  due  to  mere  training  of 
the  muscles  is  shown  by  the  increase  of  steadiness  in  the  unpractised 
left  hand.  That  it  was  due  to  a  training  of  the  attention  seems  to 
be  indicated  by  the  following  facts.  1.  After  a  week's  practice  it 
was  possible  by  a  special  effort  of  attention  to  insert  the  needle  into 
the  hole  successfully  for  any  given  ten  times.  2.  Any  distraction  of 
attention  due  to  noises  or  other  disturbances  invariably  lowered  the 
per  cent,  of  steadiness.  3.  Either  bodily  or  mental  fatigue  lowered 
the  result. 

As  to  the  effect  of  different  directions  of  attention  :  concentration 
upon  the  muscular  movement  to  be  performed  was  unfavorable,  but 
fixation  of  attention  upon  the  objective  point  to  be  reached  by  the 
needle  was  productive  of  the  best  results.  Fatigue  of  the  muscles  of 
the  eye  was  a  more  noticeable  result  than  fatigue  of  the  muscles 
directly  practised.  To  obviate  this  it  was  necessary  to  close  the  eyes 
for  a  few  seconds  between  each  series  of  ten  experiments. 

From  the  results  of  these  two  thousand  experiments  the  following 
conclusions  seem  justified. 
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1.  Steadiness  of  movement  can  be  increased  by  practice. 

2.  This  increase  of  steadiness  is  not  limited  to  the  control  of  the 
muscles  immediately  trained  but  affects  the  control  of  the  cor- 
responding muscles  on  the  opposite  side  of  the  body. 

3.  This  training  seems  to  be  of  a  psychical  rather  than  of  a  physi- 
cal order  and  to  lie  principally  in  steadiness  of  attention. 

MUSCULAB   POWER. 

The  experiments  on  the  increase  of  muscular  power  due  to  practice 
were  made  by  Miss  Brown.  The  apparatus  consisted  of  a  mercury 
dynamometer  with  a  rubber  bulb.  The  mercury  was  contained  in 
a  closed  bottle  from  the  bottom  of  which  rose  an  open  vertical  glass 
tube.  Another  tube  from  the  bottle  led  to  the  bulb  by  means  of 
rubber  tubing.  The  bulb  and  the  space  in  the  bottle  were  filled  with 
water,  thus  giving  water-transmission  of  the  pressure.  By  means  of 
a  Y-tube,  a  stopcock  and  an  adjustable  reservoir  of  water  the  mer- 
cury could  be  readily  adjusted  to  the  zero-point.  The  graduation 
on  the  scale  back  of  the  mercury  tube  was  in  inches.  The  person 
experimented  on  was  seated ;  the  bulb  was  grasped  in  the  hand  and 
was  squeezed  as  strongly  as  possible.  The  height  attained  by  the 
mercury  was  observed  ;  after  about  a  minute  employed  in  making  the 
record  and  resting,  the  experiment  was  repeated.  Ten  experiments 
were  made  on  each  occasion  excepting  the  16.,  when  only  6  were 
made.  The  first  set  was  made  on  7  III  1894  with  the  left  hand  ;  the 
average  was  29.6  inches.  Immediately  thereafter  a  set  was  made 
with  the  right  hand.  On  following  days  the  experiments  with  the 
right  hand  were  repeated  with  results  as  given  in  the  table. 


Date, 

Pressure 

in  inches 

March. 

of 

mercnry. 

L 

R 

7 

29.6 

28.8 

8 

88.7 

9 

85.6 

10 

86.6 

12 

40.9 

14 

44.7 

15 

47.0 

16 

48.8 

20 

42.8 

48.6 

Immediately  after  the  experiments  with  the  right  hand  on  the  20. 
they  were  again  made  with  the  left  hand  which  had  not  been  used 
in  the  mean  time. 
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The  results  show  a  steady  iDcrease  in  the  muscular  power  of  the 
right  hand  due  to  direct  practice  and  also  an  increase  in  the  power 
of  the  left  hand  due  to  what  we  might  call  '^  indirect  practice." 

During  the  progress  of  the  experiments  Miss  Brown  exercised 
both  arms  with  dumb-bells  on  three  successive  evenings  for  a  short 
time.  The  muscles  so  intensely  exerted  in  the  dynamometer  measure- 
ments are  not  very  strongly  called  into  play  in  the  dumb-bell  exer- 
cise. Nevertheless  we  prefer  not  to  lay  weight  on  the  actual  form 
of  the  law  of  increase  in  power  of  the  right  hand  but  to  confine  the 
statement  of  the  result  to  the  single  fact  that  practicing  the  right 
hand  develops  the  left  also. 


A   PSYCHOLOGICAL    METHOD    OF    DETERMINING    TB 

BLIND-SPOT, 

BY 

E.  W.  Scripture. 


No  greater  misfortune  could  happen  fo  psychology  than  to  have 
supposed  that  its  measurements  were  physical  or  physiological  rath 
than  purely  mental.  The  phenomena  of  consciousness  are  not  un^ 
tainable  things  situated  at  the  central  termination  of  nerve-pati 
they  are  directly  given,  purely  mental  facts  known  to  every  sava 
or  child  regardless  of  the  existence  of  brain  or  nerves  or  sense-orgai 
As  purely  mental  facts  we  can  measure  them  by  one  another  with  : 
accuracy  rapidly  approaching  that  of  physics.  As  mysterious  pi 
cesses  resulting  from  a  complicated  succession  of  physiologic 
changes,  we  can  do  nothing  with  them. 

The  treatment  of  the  blind-spot  is  a  striking  illustration  of  the  d 
ference  in  the  physiological  and  the  psychological  points  of  vie 

In  Helmholtz's  Physiologische  Optik  the  blind-spot  is  treated 
a  physiological  matter  and  is  used  to  prove  that  the  optic  nerve 
not  directly  sensitive  to  light.  The  first  step,  however,  is  me 
tal;  in  our  field  of  vision  we  find  a  constant  spot  on  whi< 
we  are  blind.  We  may  know  nothing  about  the  optic  ner 
or  the  function  of  the  eye,  but  the  fact  of  blindness  can  easi 
be  made  apparent.  It  is  ray  object  to  show  how  this  blin 
spot  can  be  measured  as  a  fact  of  consciousness  without  the  assum 
tions  of  the  passage  of  rays  into  the  eye,  etc.  After  such  psych 
logical  measurements  have  been  made,  the  results  can  be  compan 
with  the  position  of  the  Papilla  nervi  optlci  in  relation  to  the  optic 
axis  of  the  eye  and  its  non-sensitiveness  can  be  deduced. 

The  apparatus  required  consists  of  a  board  with  a  straight  si< 
(drawing-board),  a  T-square,  a  draughtsman's  triangle  or  a  straig] 
piece  of  wood  or  metal  to  be  used  as  a  sliding  piece  against  tl 
square,  a  millimeter-scale  and  three  pins.  Two  pins  are  pound* 
into  the  board  close  to  the  straight  edge;  the  head  is  fixed  so  thi 
one  is  seen  exactly  behind  the  other.  The  other  pin  is  fastened  ini 
the  sliding  piece  or  triangle  and  is  moved  from  one  side  in  a  line  i 
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right  angles  to  the  line  of  the  two  pins  until  it  just  disappears;  this 
is  the  edge  of  the  blind-spot.  The  T-square  is  now  moved  nearer  or 
farther  away  and  the  measurement  repeated.  The  results  for  the 
left  eye  are  indicated  in  the  diagram. 


^^^ 

• 

• 

t 

/ 

^^^^fC^ 

A> 

f 

FlO.  86. 


The  two  vision-pins  are  at  any  points  a  and  h.  The  edge  of  the 
T-square  is  put  at  c ;  at  the  point  e  the  movable  pin  disappears. 
When  the  T-square  is  placed  at  d^  the  pin  disappears  at  f.  What 
is  the  angular  distance  of  the  edge  of  the  blind  spot  from  line  of 
regard?  Drag/^  parallel  to  ah\  this  gives  gfe-=iq}  as  the  angle  to 
be  determined.      Since  ge:^ce^df,  and  gfzzzcdy  we  get  at  once 


tan  q)  = 


^^ce-^df 


cd 


If  we  thus  determine  (p  for  the  inner  edge  and  in  a  like  manner  q)' 
for  the  outer  edge  of  the  blind-spot,  the  angular  diameter  of  the 
blind-spot  is  (p'=<p'  '•^q). 


TESTS  OF  MENTAL  ABILITY  AS  EXHIBITED  IN 

FENCING, 

BY 

E.  W.  Scripture. 


The  visit  of  several  expert  swordsmen  to  Yale  furnished  the  oppor- 
tunity for  some  experiments  on  their  rapidity  and  accuracy  in  some 
of  the  fundamental  movements  of  fencing. 

The  first  experiment  included  a  determination  of  the  simple  reac- 
tion-time and  of  the  time  of  muscular  movements.  The  fencer  stood 
ready  to  lunge,  with  the  point  of  the  foil  resting  to  one  side  against 
a  metal  disc.  A  flexible  conducting  cord,  fastened  to  the  handle  of 
the  foil,  hung  in  a  loop  from  the  back  of  the  neck.  A  large  metal 
disc  was  placed  against  the  wall  directly  in  front  of  the  fencer  at  a 
distance  of  15^^.  Just  above  this  disc  was  a  small  piece  of  paper 
which  could  be  moved  by  an  operator,  standing  a  distance  away.  A 
movement  of  the  paper  was  the  signal  upon  which  the  lunge  was 
executed.  The  movement  of  the  paper  was  accomplished  by  a  single 
movement  of  an  electric  switch.  The  spark-method  of  recording 
was  so  arranged  that  the  primary  circuit  passed  through  the  electric 
switch,  a  spark-coil,  the  flexible  conducting  cord,  the  foil  and  eithe  r 
one  of  the  two  discs.  Every  make  and  break  of  this  circuit  made  a 
spark-record  on  the  drum.  As  long  as  the  foil  rested  against  the 
small  disc  the  current  was  closed.  The  movement  of  the  switch 
broke  the  circuit  for  an  instant,  making  a  record  of  the  moment  of 
stimulus.  The  first  movement  of  the  foil  broke  the  circuit  at 
the  small  disc,  making  a  record  of  the  moment  of  reaction.  The 
striking  of  the  foil  against  the  large  disc  made  a  third  record.  The 
time  between  the  first  and  second  records  gave  the  simple  reaction - 
time;  that  between  the  second  and  third  gave  the  time  of  move- 
ment through  the  given  distance.  About  10  experiments  were  made 
on  each  person. 

In  the  second  experiment  there  was  one  piece  of  paper  each  above, 
beside  and  below  the  direction  of  the  foil.     The  point  of  the  foil 

'Bliss^  Researches  on  reaction-time  and  attention,  Stnd.  Yale  Psj.  Lab.,  1892- 
1898  I  1  (8,  14). 
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rested  against  the  small  disc.  The  movement  of  any  one  of  these 
was  the  signal  for  a  corresponding  movement  of  the  foil.  The 
papers  were  moved  in  irregular  succession.  Acts  of  discrimination 
and  choice  were  thus  introduced  into  the  reaction-time.  The  move- 
ment of  any  one  of  the  pieces  of  paper  and  of  the  foil  away  from  the 
disc  gave  records  as  before.  The  time  required  can  be  called  the 
reaction-time  with  discrimination.  About  10  experiments  were  made 
on  each  person. 

The  last  experiment  consisted  of  lunging  at  the  center  of  a  paper 
target  8*^"'  in  diameter.  The  average  distance  of  the  seven  best 
lunges  was  taken. 

The  persons  experimented  upon  consisted  of  Dr.  Graeme  Ham- 
mond, Dr.  Echverria,  Dr.  P.  F.  O'Connor  and  Mr.  Shaw,  all  expert 
amateur  fencers,  A.  Jacobi,  master  of  arms  of  the  New  York  Ath- 
letic Club,  Prof.  Ladd,  formerly  practised  in  fencing,  and  Prof. 
Williams,  with  no  knowledge  of  fencing. 

The  results  were: 

1.  Simple  reaction-time:  Echverria,  lYS'^;  Williams,  186*^;  Ham- 
mond, 187*^;  Ladd,  225'';  Jacobi,  231^;  Shaw,  233'^;  O'Connor,  256^. 

2.  Time  of  muscular  movement  involved  in  the  lunge  through  75*^™: 
Jacobi,  267^;  O'Connor,  294*^;  Echverria,  306^;  Shaw,  322^  ;  Ham- 
mond, 323*^;  Ladd,  517^;  Williams,  568''. 

3.  Reaction-time  with  discrimination:  Hammond,  221'';  Ladd, 
237";  Williams,  254";  Jacobi,  289";  Echverria,  304";  Shaw,  357"; 
O'Connor,  362". 

4.  Average  distance  of  seven  best  lunges  from  center:  Shaw,  18"""; 
Hammond,  20™";  Ladd,  21"";  O'Connor,  22"";  Jacobi,  24""; 
Echverria,  23"";  Williams,  36"". 

The  experiments  probably  derive  their  chief  value  as  calling  atten- 
tion to  the  experimental  study  of  the  psychological  elements  involved 
in  games,  sports,  gymnastics  and  all  sorts  of  athletic  work.  Without 
experimenting  on  large  numbers  of  fencers  and  others,  I  would  not 
attempt  to  make  any  quantitative  comparisons  between  the  two. 
The  following  qualitative  conclusions  seem,  however,  to  be  fully 
justified. 

1.  The  possibility  of  analyzing  fencing  movements  into  their  men- 
tal and  bodily  elements,  and  of  measuring  these  elements,  has  been 
proven. 

2.  The  average  fencer  is  not  quicker  in  simple  reaction  (where  a 
few  mental  elements  are  involved),  than  a  trained  scientist,  and 
neither  class  shows  an  excessive  rapidity. 
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3.  When  once  the  mind  is  made  up  to  execute  a  movement,  fencers 
are  far  quicker  in  the  actual  execution.  In  rough  :6gure8,  it  takes 
them  only  half  as  long  as  the  average  individual. 

4.  As  the  mental  process  becomes  more  complicated,  the  time  re- 
quired by  the  average  fencer  is  greater  than  that  required  by  a 
trained  scientist.  The  shortest  time  of  all,  however,  is  that  of  Dr. 
Hammond,  whose  mental  quickness  has  probably  been  developed  in 
some  other  way. 

5.  The  general  conclusion  seems  to  be  that  fencing  does  not 
develop  mental  quickness  more  than  scientific  pursuits,  but  it  does 
develop  to  a  high  degree  the  rapidity  of  executing  movements.  It 
would  be  important  to  determine  if  this  holds  good  of  the  other 
sports  and  exercises,  or  if  some  of  them  are  especially  adapted  to 
training  mental  quickness. 
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MEASUREMENTS  OF  ILLUSIONS  AND  HALLUCINATIONS 

IN  NORMAL  LIFE, 

BY 

C.   E.   Seashore,   Ph.D. 


PART  FIRST. 

Illusions   of   weight  :   influence   of  knowledge   of   size   on 

judgment  of  weight. 

When  an  object  lifted  is  found  heavier  than  was  expected,  it  is 
overestimated,  and  when  it  is  found  lighter  than  was  expected,  it  is 
underestimated.  The  strongest  and  most  frequent  illusion  of  this 
kind  in  normal  life  is  perhaps  that  which  is  caused  by  our  accustomed 
associations  between  the  properties  of  size  and  weight  of  objects . 
The  aim  in  Part  First  of  this  research  is  to  investigate  the  nature 
and  extent  of  the  illusions  of  weight  as  caused  by  knowledge  of  the 
size  of  the  body  lifted.  Illusions  of  weight  from  other  sources  are 
incidentally  considered.  The  experiments  were  made  between 
October,  1893,  and  May,  1895. 

The  problem  is  a  development  from  a  test  made  by  Gilbert*  on 
the  suggestive  force  of  size  on  judgment  of  weight.  Dbbsslab'  has 
made  a  statistical  study  of  the  same  illusion,  and  it  had  previously 
been  noticed  and  subjected  to  experiment  by  others.*  Since  the 
present  experiments  were  completed,  a  monograph  by  Gbiffing*  has 
appeared,  in  which  he  touches  upon  the  same  illusion  in  so  far  as  it 
is  connected  with  the  sense  of  impact  and  pressure ;  Floubnoy*  also 
reports  a  very  popular  experiment  on  the  same  illusion. 


1  Gilbert,  Researches  on  the  menial  and  physical  development  oj  school  children.  Stud. 
Yale  Psych.  Lab.,  1894  II  43-46,  59-63. 

•  Dresslar,  Studies  in  ViS  psychology  of  touchy  Am.  Jour.  Psych.,  1894  VI  313. 

'  Charpektier,  Analyse  de  quelques  Elements  de  la  sensation  de  poids^  Archives  de 
Physiol,  1891  (5)111126. 

Muller  and  Sohumakn,   Ueber  die  psychohgisclten    Grundlagen  der   Vergleichung 
gehohener  Geioichte,  Archiv.  f.  d.  ges.  Physiol.  (PflQg.),  1889  XLY  37. 

*Gripfing,  On  the  sensations  of  pressure  and  impact^  Psych.  Rev.,  1895  II  Suppl.  I. 

*  Flournoy,  De  V influence  de  la  perception  visuals  des  corps  sur  leur  poids  apparent 
L'Ann^  Psych.,  1894  11 98. 
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First  series  of  experiments :  Influencs  of  size  on  judgment  of  tdeig 

when  size  is  estimated  by  direct  sight. 

Two  sets  of  cylindrical  blocks  SI'"'"  in  length  were  made 
brass  tubing  with  hard-rubber  ends.  An  additional  hard-rubb 
disk  on  each  end,  2"™  thick  and  15™™  in  diameter,  served  for  tl 
place  of  grasping.  The  entire  length  of  each  block  was  thus  35™ 
In  order  that  the  appearance  of  the  surface  should  not  suggest  ai 
definite  material,  the  blocks  were  all  painted  a  dull,  smooth  blac 
with  optical  varnish. 

Each  set  consisted  of  17  blocks.     Set  A  varied  in  size  and  had 
uniform  weight,  while  Set  B  varied  in  weight  and  had  a  unifor 
size.     The   blocks  in   Set    A    varied   in   diameter  according   to 
geometric  series  in  which  the  regular  increment  is  one-tenth.     Thoi 
in  Set  B  were  arranged  in  arithmetic  series  according  to  weight  wii 
a  successive  difference  of  5^. 

In  the  following  account  the  blocks  will  be  distinguished  by  tl 
names  A  and  B  with  their  respective  numbers  in  the  series. 

The  blocks  of  Set  A  were  of  a  constant  weight,  80^^,  and  of  diam 
ters  in  millimeters  as  follows,  beginning  with  the  smallest  :  20.< 
22.0,  24.2,  26.6,  29.3,  32.2,  35.4,  89.0,  42.9,  47.2,  51.9,  57.1,  62.8,  69. 
76.0,  83.6,  91.9. 

The  blocks  of  Set  B  were  of  a  constant  diameter,  42.9™™,  and  i 
weights  iu  grams  as  follows,  beginning  with  the  lightest :  40,  45,  5 
65,  60,  65,  70,  75,  80,  85,  90,  95,  100,  105,  110,  115,  120. 

It  is  to  be  observed  that  the  uniform  weight  for  Set  A  is  the  sana 
as  the  weight  of  B  (9),  the  middle  block  in  Set  B  ;  and  the  unifori 
size  in  Set  B  is  the  size  of  A  (9),  the  middle  block  in  Set  A.  Tt 
limit  in  diameter  of  the  extremes  was  determined  by  the  size  whic 
will  admit  of  uniform  grasp. 

The  material  of  which  the  blocks  were  made  was  not  appreciabi 
subject  to  change  from  the  ordinary  variations  of  temperature  an 
atmospheric   condition.      The  weight  was  made  accurate  within 
limit  of  0.025«f. 

The  two  sets  were  placed  on  a  tray  that  had  a  soft,  black  clot 
bottom.  Set  A  being  arranged  in  order  of  size  and  Set  B  in  order  c 
weight. 

The  observer  placed  himself  by  the  table  on  which  the  tray  stoo 
in  such  a  position  that  by  moving  back  and  forth  he  could  lift  an 
block  from  its  place  in  Set  B  and  still  retain  approximately  the  sam 
angle  of  the  arm  and  hand.     He  was  requested  to  select  for  eac 
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weight  in  Set  A  a  corresponding  one  in  Set  B,  by  taking  one  at  a 
time  from  A  and  placing  it  by  the  side  of  successive  blocks  in  B 
with  which  he  wished  to  compare  it,  lifting  one  at  a  time  until  he 
found  the  one  in  B  which  he  thought  had  the  same  weight  as  the 
one  from  A.  He  was  required  to  use  the  same  hand,  in  the  same 
position,  and  to  clasp  the  disks  of  the  blocks  carefully  between  the 
thumb  and  middle  finger,  so  that  in  every  case  the  touch  and  the 


Tablb  I. 

• 

Illusion 

of  weight  when  the  blocks 

are  seen  directly. 

A 

B 

C 

D 

MV 

20.0 

110.2 

—22.9 

4-30.2 

7.5 

22.0 

103.8 

—20.9 

4-23.8 

7.0 

24.2 

98.2 

—18.7 

4-18.2 

5.0 

26.6 

94.4 

—16.3 

4-H.4 

6.5 

29.3 

94.0 

—13.6 

4-14.0 

6.5 

32.2 

89.2 

—10.7 

4-  9.2 

8.0 

35.4 

86.3 

—  7.6 

4-  6.3 

6.0 

39.0 

85.4 

—  3.9 

4-5.4 

4.0 

42.9 

83.8 

0 

4-  3.8 

6.0 

47.2 

80.4 

+  4.3 

4-  0.4 

5.0 

51.9 

75.6 

-h  9.0 

—  4.1 

4.0 

57.1 

71.6 

4-14.2 

—  8.9 

5.5 

62.8 

69.0 

+19.9 

—11.0 

6.5 

69.1 

65.8 

4-26.2 

—14.2 

6.5 

76.0 

64.2 

4-33.1 

—16.8 

6.6 

83.6 

61.2 

4-40.7 

—18.8 

6.0 

91.9 

58.6 

4-49.0 

—21.4 

6.5 

J,  size  of  the  block  in  Set  A  (baviDg  a  '     D^  grams  by  which  the  estimated  weight 
weight  of  SOS).  of  the  block  in  Set  A  differed  from  its 

By  weight  of  the  block  in  Set  B  (having  \  true  weight ;   average  of  a  total  of  26 
a  diameter  of  42.9°*°*)  chosen  as  equal  in   experiments  on  16  persons, 
weight  to  the  block  of  Set  A.  ,     JTFj    mean  variation ;     to   obtain  the 

C,  number  of  millimeters  by  which  the  |  mean  variation  for  the  series  each  result 
diameter  in  Set  A  differed  from  that  in    is  to  be  divided  by  6. 
Set  B. 

grip  would  be  constant.  He  was  at  liberty  to  try  each  block  a 
sufficient  number  of  times  to  satisfy  himself,  but  was  warned 
against  making  so  many  repetitions  that  a  disturbing  fatigue  would 
set  in.  When  the  experiment  was  repeated  on  the  same  day,  sufficient 
rest  was  allowed  between  each  set,  and  the  observer  was  always 
cautioned  to  guard  against  any  guess-work,  theory,  or  memory  of 
previous  judgments.     The  observer  had  no  names  for  the  blocks,  but, 
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as  he  indicated  his  choices,  the  experimenter  kept  private  record. 
He  saw  the  difference  of  size  in  A  and  was  told  the  difference  and 
order  of  weight  in  B.  Before  beginning  the  experiment,  he  had  the 
privilege  of  trying  the  blocks  at  random,  and  in  the  experiment  no 
restrictions  were  made  in  regard  to  what  order  the  A's  should  be 
taken  in  the  set. 
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This  method  insures  a  direct  measurement  of  the  illusion  caused 
by  the  influence  of  size  in  discrimination  of  weight.  The  results  are 
given  in  Table  I,  and  are  graphically  represented  in  figures  1  and  2. 

In  fig.  1  each  successive  increment  of  -f^  of  the  size  is  repre- 
sented by  one  unit  of  the  abscissa.    If,  according  to  Weber's  law, 
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proportional  increments  are  perceived  as  equal  increments,  the 
successive  differences  are  equal.  The  chart  thus  represents  the  dif- 
ferences in  diameter  as  perceived. 

The  curve,  fig.  2,  shows  that,  with  slight  exception,  proportional 
increments  of  size  produce  illusions  of  equal  absolute  differences  in 
weight. 

The  uniformity  of  the  mean  variation  is  strong  evidence  of  the 
regularity  of  the  illusion.  In  these  25  experiments  it  varies  between 
4^  and  8^.  The  15  observers  are  in  such  consensus  that  even  in  the 
case  of  the  greatest  illusion  the  mean  variation  is  only  0.5^,  while 
for  the  ninth  weight,  where  there  is  no  illusion,  the  error  of  observa- 
tion is  6<^.  This  fact  tends  to  show  that  the  influence  due  to  size  in 
the  determination  of  weight  within  a  middle  range  is  almost  as  potent 
as  an  absolute  difference  in  weight. 

This  regularity  is  further  emphasized  by  the  fact  that  there  is  not, 
for  all  these  observers,  a  single  exception  as  to  the  direction  of  the 
illusion  in  the  first  three  and  last  six  blocks  in  the  set. 

The  psychological  laws  expressing  the  influence  of  knowledge  of 
size  on  judgment  of  weight,  within  a  limited  range,  may  be  formu- 
lated as  follows : 

1.  Bodies  of  similar  material  that  have  the  same  weight,  but  differ 
in  size,  appear  to  differ  in  weight  when  compared. 

2.  The  larger  is  underestimated  and  the  smaller  is  overestimated. 

3.  The  intensity  of  this  illusion  varies  directly  with  the  perceived 
amount  of  difference  in  size  between  the  bodies  compared. 

Second  series  of  experiments  :  Persistence  of  the  illusion  of  weight, 

A.     Actual  relations  of  weight  unknown.    - 

Having  determined  that  the  direction  of  the  illusion  was  the  same 
for  all  persons  tried,  and  that  it  approximated  the  same  amount,  the 
next  step  was  to  test  its  persistence. 

In  this  problem  the  first  question  to  be  settled  was  this  :  Does  the 
illusion  persist  in  spite  of  continued  practice  in  attempting  to  gain 
accuracy  in  discrimination  for  weight,  as  long  as  the  observer  does 
not  know  the  actual  weight  or  the  presence  of  the  illusion  ? 

Four  careful  observers  were  selected  and  subjected  to  the  same 
tests  independently,  according  to  the  same  method  of  experimenting 
as  in  the  preceding  series. 

Each  observer  tried  the  same  complete  experiment  twenty  times, 
under  similar  circumstances,  making  two  experiments  each  day.     No 


6  C.  K  Seashore^ 

saggestion  as  to  the  degree  of  accuracy  or  success  was  given  dorinj 
the  progress  of  the  experiments.  The  instructions  emphaticall; 
expressed  were  :  '^  The  object  of  these  experiments  is  to  determine 
whether  you  can  improve  in  the  accuracy  of  this  discrimination  b; 
practice.  Do  not  allow  yourself  to  be  influenced  in  the  least  b] 
memory  of  previous  judgments  or  any  theory  of  order  or  expecte< 
results." 

In  addition  to  the  error  of  observation,  expressed  by  the  choice  o 
corresponding  B's  for  A  (9),  an  extra  test  for  the  normal  degree  o; 
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2>/,  2)//,  Diti^  Div^  number  of  grams  by 
which  the  estimated  weight  of  the  block 
in  Set  A  differed  from  its  true  weight,  for 


four  observers,  I,  II,  III,  IV;  averages  o 
20  experiments  each. 

AD^  average  for  tlie  four  observers. 

MV^  mean  variation;  the  mean  variatioz 
for  the  series  is  obtained  by  dividing  bj 
4.5 


accuracy  of  the  observer  was  obtained  by  employing  the  method  of 
saspending  the  blocks  which  will  be  explained  in  the  next  sericH  of 
experiments.  This  test  was  made  after  the  twenty  regular  experi- 
ments. The  observer  seated  himself  behind  a  screen  and,  keeping 
his  hand  in  a  comfortable  position  on  the  other  side  of  the  screen, 
lifted  the  blocks  by  the  handles  in  such  a  manner  that  he  had  no 
knowledge  or  intimation  of  the  size  of  the  bodies  lifted.     The  mean 
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variation  thus  found  for  the  whole  set  of  blocks  is  slightly  less 
than  the  mean  variation  recorded  in  the  table  for  twenty  trials  on 
any  single  block. 

The  results  of  these  experiments,  showing  the  persistence  of  the 
illusion  when  the  actual  weight  is  not  known,  are  given  in  Table  II. 

This  table  proves  that  the  illusion  is  regular  and  persistent.  It 
cannot  be  eliminated  by  practice  as  long  as  the  actual  weight  is  not 
known. 
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This  persistence  of  the  illusion  justifies  the  procedure  of  making 
successive  tests  of  the  principle  on  the  same  observer  under  varied 
conditions  for  the  purpose  of  comparison. 


B.     Actual  relations  of  weight  known. 

Does  the  illusion  persist  when  the  observer  is  familiar  with  the 
apparatus  and  knows  the  nature  of  the  illusion  and  the  actual  rela- 
tions of  weight  ?  To  test  this,  I  used  the  same  apparatus  as  before 
and  the  same  method,  except  that  the  observer  was  made  acquainted 
with  every  essential  of  the  apparatus  before  beginning  the  experiment. 

For  observers  I  secured  ten  professors  and  graduate  students  who 
had  all  done'  special  work  in  psychology  and  could  be  depended 
upon  for  reliable  introspective  analysis  and  critical  judgment.    Each 
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one  knew  the  general  trend  of  the  illonon  as  found  in  previoufl 
measurements,  but  no  one  knew  what  the  extent  of  the  illusion  was 
for  other  persons  under  the  present  conditions.  They  knew  the 
actual  weight  and  were  to  determine  the  apparent  weight.  This  was 
very  difficult  because  there  was  a  conflict  between  knowledge  and 
feeling,  and  the  former  was  to  be  governed  by  a  conscious  effort. 
In  previous  experiments  the  observer  was  supposed  to  exercise  all 
possible  skill  in  matching  the  blocks  correctly  by  lifting  them,  but 
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0 
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diameter  in  Set  A  differed  from  that  in 
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ADt  number  of  grams  by  which  the 
estimated  weight  of  the  block  in  Set  A 


differed  from  its  true  weight;  average  for 
ten  observers. 

MVf  mean  variation;  the  mean  varia- 
tion for  the  series  is  obtained  by  dividing 
by  3.2. 


here  it  was  required  to  discriminate  between  known  weight  and  felt 
weight  and  to  estimate  the  amount  of  difference  by  matching  the 
blocks  as  before. 

The  full  record  of  the  experiments  upon  these  ten  observers  is 
contained  in  Table  III. 

The  curves  in  fig.  3  give  a  diagrammatic  representation  of  the 
intensity  of  the  illusion  (A,B)  when  the  fact  of  the  illusion  is  unknown, 
and  (C)  when  it  is  known.    A  is  the  curve  from  Table  I,  fig.  2,  placed 


Meamrements  of  ittusionB  and  hallucinationa  in  normal  life.     9 

here  for  comparison ;  B,  dotted  line,  is  the  average  for  the  four 
observers,  Table  II ;  and  C  is  the  average  for  the  ten  observers, 
Table  III. 

The  coincidence  of  the  judgments  of  the  observers  is  an  extraor- 
dinary phenomenon,  considering  that  the  discrimination  is  very 
difficult  under  these  circumstances,  and  that  no  one  could  be 
iufluenced  by  the  records  of  others.  The  conclusions  are  plainly 
warranted  that  : 

1.  The  illusion  of  weight  persists  even  after  the  observer  knows 
its  nature,  extent,  and  cause  ; 

2.  Its  intensity  is  somewhat  less  than  when  the  actual  conditions 
are  unknown  to  the  observer. 

To  carry  the  test  further  and  require  the  observer  to  repeat  it  a 
great  number  of  times,  would  be  to  find  out  how  long  it  would  take 
him  to  learn  to  make  the  proper  allowance  for  the  illusory  feeling. 
It  is  difficult  to  say  whether  that  feeling  can  be  wholly  educated 
away,  but  we  must  suppose  that  a  person  can  finally  educate  himself 
to  make  proper  allowance  for  it  or  neglect  it. 

Tfiird  seHes  of  experiments :  Dependence  of  the  illusion  of  toeight 

upon  the  directness  of  sight. 

Thus  far  only  the  diameter  in  Set  A  had  been  varied.  In  the 
present  series  another  quantity,  the  directness  of  sight,  was  varied. 
Each  experiment  consisted  of  four  sets  of  tests.  The  aim  was  to 
secure  a  judgment  of  weight  when  the  size  of  the  bodies  compared 
was  made  prominent  in  different  degrees  as  follows  :  (I)  size 
estimated  by  direct  sight,  (2)  size  estimated  by  indirect  sight,  (3) 
visual  memory  of  size,  and  (4)  no  knowledge  of  size.' 

These  conditions  were  obtained  through  the  following  four  sets  of 
variations,  corresponding  respectively  to  the  above  requirements  : 

1.  The  conditions  of  the  first  set  were  fulfilled  by  the  method 
pursued  in  the  previous  experiments.  The  observer  looked  directly 
at  the  block  as  he  grasped  it  between  the  thumb  and  second  finger, 
and  its  proportions  were  emphasized  by  the  comparative  amount  of 
space  it  occupied  in  the  limited  opening  between  the  grasping 
fingers.  The  effort  to  grasp  the  disks  accurately  attracted  the 
attention  of  his  eyes  in  that  direction. 

2.  In  this  series  of  experiments,  additional  apparatus  was  required 
for  suspending  the  blocks.  It  consisted  of  handles,  made  of  exactly 
the  same  length  as  the  blocks  and  supplied  with  disks  on  the  ends. 
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made  of  the  same  material  and  in  the  same  shape  as  the  disks  on  the 
blocks.  To  secure  lightness  they  were  made  in  the  shape  of  a 
slender  spool.  These  handles  rested  on  a  support  in  the  same  posi- 
tion as  the  tray,  and  from  them  the  blocks  were  suspended  100"™ 
below,  by  means  of  silk  cords.  Each  block  was  supplied  with  a 
loop  of  silk  cord,  which  could  readily  be  slipped  off  and  on  a  hook 
at  the  lower  extremity  of  the  suspended  cord.     The  combined  weight 

Table  IV. 
lUuaum  of  weight  under  various  circumstaHces. 
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C,  number  of  millimeters  by  which  the       2),  with  direct  yision  of  size, 
diameter  in  Set  A  differed  from  that  in  i      E,  with  indirect  vision  of  size. 
Set  B.  I      F,  with  visual  memory  of  size. 

i>,  E^  F^  Gf  number  of  grams  by  which        (?,  with  no  knowledge  of  size. 
the  estimated  weight  of  the  block  iii  Set  {     MV^  mean  variation ;  the  mean  varia- 
A  differed  from  Its  true  weight;  averages   tion  for  the  series  is  obtained  by  dividing 
for  ten  observers  in  each  series.  •  by  3.2. 

of  a  handle  with  hook  and  cord  was  2^.  Employing  this  method  of 
suspending  the  blocks,  the  observer  naturally  directed  his  attention 
to  the  handle  by  which  he  lifted.  Since  the  blocks  hung  100™"* 
below  the  handle,  they  were  out  of  the  line  of  direct  vision 
and  not  in  contact  with  any  body  whose  contiguity  would  limit  the 
space  occupied  or  contrast  its  size. 
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3.  The  weights  were  again  suspended.  The  observer  looked  at 
each  block  as  it  was  hooked  on  but  shut  his  eyes  while  lifting  it. 

4.  The  observer  was  blindfolded  for  the  final  set.  He  was  then 
required  to  lift  the  suspended  blocks  by  the  handles  without  know- 
ing whether  he  was  lifting  a  big  one  or  a  little  one.  He  remembered 
the  range  of  the  sizes  but  did  not  know  which  block  in  the  series 
was  presented. 

The  purpose  of  the  variations  was  not  told  to  the  observer.  He 
was  simply  asked  to  subject  himself  to  four  tests  necessarily  to  be 
taken  successively  on  the  same  observer.     Definite  instructions  were 
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given  at  each  step  so  far  as  this  could  be  done  without  making  any 
suggestions  pertaining  to  the  illusion.  The  whole  experiment  on  one 
observer  occupied  from  HO  to  100  minutes,  sufficient  rest  being 
allowed  between  the  different  sets.  The  observers  were  especially 
cautioned  not  to  let  the  results  of  one  test  influence  their  judgment  in 
another. 

The  following  statements  are  based  upon  the  results  contained  in 
Table  IV  (fig.  4). 

1.  Visual  knowledge  of  size  causes  the  greatest  illusion,  in  deter- 
mination of  weight,  when  the  body  lifted  is  directly  looked  at  and 
its  size  is  brought  into  prominence  by  the  comparative  amount  of 
space  that  it  occupies  in  a  limited  area. 

2.  The  influence  of  size  on  judgment  of  weight  is  lessened  when  the 
object  is  placed  out  of  the  line  of  direct  vision  and  isolated  from  any 
object  whose  contiguity  would  favor  a  comparison  of  size. 
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3.  Viflual  memory  of  size  caaaeB  a  less  intense  illusion  of  weight 
than  that  which  is  produced  by  looking  at  the  blocks  while  lifting. 

4.  Size  has  no  influence  on  the  perception  of  weight  when  the 
observer  has  no  knowledge  of  it. 

tourth  series  of  experiments :  Dependence  of  the  illtision  of  weight 
upon  the  senses  by  which  knowledge  of  size  is  acquired. 

In  all  the  foregoing  experiments  the  perception  of  difference  in 
size  was  purely  visual.  The  next  problem  was  to  settle  the  question : 
Does  the  illusion  of  weight  vary  with  the  different  senses  by  which 
the  image  of  size  is  produced  ? 

It  is  impossible  to  draw  a  strict  line  of  demarcation  between  the 
different  sensory  elements  which,  besides  sight,  unite  in  building  up 
a  percept  of  size,  because  they  generally  cooperate,  and  their  effects 
fuse.  For  the  purpose  of  comparison,  I  aimed  to  get  a  measure  of 
the  illusion  of  weight  due  to  size  when  knowledge  of  size  was 
acquired  through  each  of  the  following  channels  predominatingly : 
(1)  muscle  sense,  (2)  touch,  (3)  sight,  (4)  muscle  sense,  touch  and 
sight. 

These  conditions  were  approximately  attained  by  the  following 
respective  methods  of  procedure. 

1.  Without  having  seen  the  blocks,  the  observer  seated  himself  on 
a  high  stool  behind  a  screen,  in  such  a  position  as  was  occupied  when 
he  stood  by  the  tray  and  looked  at  the  apparatus,  so  that  his  arm  and 
hand  would  be  comfortably  adjusted  over  the  tray,  on  the  other  side 
of  the  screen.  The  blocks  were  then  handed  him  in  the  same  order 
as  before,  but  placed  on  end  on  the  tray,  so  that  by  dropping  his 
thumb  and  fingers  around  a  block  the  observer  included  it  in  bis 
grasp,  holding  it  by  the  circumference  ;  he  thus  acquired  a  knowl- 
edge of  its  size  mainly  by  the  muscle  sense  in  the  fingers. 

2.  Seated  in  the  same  position,  after  a  brief  rest,  the  observer  held 
out  his  hand,  not  resting  it  on  anything,  and  the  blocks  were  placed 
on  his  flat  palm,  one  at  a  time.  An  image  of  the  height  (length)  of 
the  block  was  inevitably  transmitted  from  the  experience  in  the  first 
set,  but  the  proportional  size  was  here  estimated  chiefly  by  the 
area  of  touch  or  pressure. 

3.  The  method  of  estimating  comparative  size  by  direct  sight,  as 
pursued  in  the  previous  experiments,  eliminates  all  other  sensory 
elements  than  sight. 
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4.  In  the  6nal  set  the  hlocks  were  again  placed  on  end,  and  the 
observer  occupying  the  same  position  as  in  the  third  set,  grasped  the 
blocks  by  the  circumference  as  in  the  first  set  of  this  series  and, 
in  addition,  looked  directly  at  them.  Hence,  there  was  the  combined 
effect  of  muscle  sense,  touch  and  sight. 

Upon  the  basis  of  the  results  of  the  second  series  of  experiments, 
I  considered  it  justifiable  to  make  these  four  successive  tests  on  the 
same  person.  Furthermore  the  advantage  of  the  order  will  be 
noticed.  In  the  first  and  second  sets  he  had  not  seen  the  blocks. 
The  estimate  of  the  length  was  a  proper  influence  to  carry  over  to 
the  second  set ;  it  was,  namely,  a  memory  of  the  fact  that  the  length 
was  a  constant  quantity.  The  third  set  could  not  be  influenced  by 
any  previous  judgments,  because  the  record  was  kept  secret,  and  the 
blocks  had  not  been  recognized.  In  the  fourth  set  a  warning 
against  influence  from  previous  judgments  was  really  superfluous, 
because  the  observer  was  after  truth  and  not  consistency. 

No  test  on  the  error  of  observation,  or  mean  variation  when  there 
was  no  influence  of  sight,  was  here  included,  because  that  would 
practically  be  the  same  as  found  in  the  fourth  set  of  the  third  series, 
and  the  record  of  A  (9)  in  each  set. 

The  sensations  of  touch  and  pressure  cannot  be  distinctly  separated. 
Indeed,  since  the  blocks  cannot  be  placed  without  some  velocity, 
there  is  really  a  sense  of  impact  in  the  second  set.  For  brevity,  the 
space-giving  characters  of  these  sensations  is  spoken  of  as  "  touch." 

That  muscle  sense,  touch,  sight  and  other  sensations  cannot  be 
isolated  does  not  detract  any  from  the  value  of  this  series  of  experi- 
ments. In  the  first  set,  skin  and  joint  sensations  assist ;  and  in  the 
second  set,  joint  and  muscle  senses  are  slightly  involved. 

In  the  third  set,  all  of  these  senses  join  in  determining  the  size  of 
a  body,  but  since  all  but  one  are  constant,  it  remains  for  that  sense, 
sight,  to  discriminate  for  differences  in  size. 

In  the  first  set,  the  observer  had  not  seen  the  blocks.  The  experi- 
ence that  they  differed  in  size  puzzled  him.  Hence  every  time  he 
picked  one  up  his  first  concern  was  to  fix  an  image  of  its  size  by 
estimating  the  relative  extent  of  the  grasp  required  in  lifting  it.  In 
the  second  set,  attention  was  again  called  to  the  varying  size  in  a 
similar  manner,  but  here  the  estimate  of  the  dimensions  was  more 
indefinite  and  uncertain.  In  the  third  set,  he  determined  the  dimen- 
sion at  a  glance,  without  any  effort,  and  hence  did  not  concern 
himself  particularly  about  the  estimation  of  size.  But,  in  the  final 
set,  his  attention  was  again  called  to  the  appreciation  of  size,  because 
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here  he  noticed  that  he  combined  several  sensory  elements^  in  that 
way  acquiring  a  very  accurate  knowledge  of  size. 

In  brief,  by  the  above  four  variations,  different  degrees  of  atten* 
tion  were  given  to  discrimination  of  size,  while  to  avoid  the  illusion 
all  attention  should  have  been  given  to  the  perception  of  weight. 

According  to  this  method  a  constant  error,  due  to  the  fact  that 
A  was  lifted  first,  will  be  implied  in  the  first  two  sets.     I  could  not 
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C,  number  of  millimeters  by  which  the 
diameter  in  Set  A  differed  from  that  in 
Sets. 

H^  /, «/,  2),  number  of  grams  by  which 
the  estimated  weight  of  the  block  in  Set 
A  differed  from  its  true  weight ;  averages 
for  ten  persons. 

H^  size  known  by  muscle  sense. 


7,  size  known  by  touch. 

«/,  size  known  by  direct  sight. 

Z>,  size  known  by  muscle  sense,  touch 
and  sight. 

MV^  mean  variation;  the  mean  yaria- 
tion  for  the  series  is  obtained  by  dividing 
by  3.2. 


eliminate  it  by  repeating  the  test  in  the  reverse  order,  because  it 
would  be  too  fatiguing  to  take  each  set  twice.  It  was  more  import* 
ant  to  take  the  four  sets  in  regular  succession  than  to  divide  up  the 
experiment  in  order  to  eliminate  the  error.  Hence,  the  fact  of  this 
constant  error  must  be  borne  in  mind  in  interpretation  of  the  results. 
An  approximate  correction  of  it  may  be  made  by  noticing  its  extent 
in  the  middle  block  of  Set  A. 
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The  results  are  given  in  Table  Y  and  are  expressed  in  the  curves 
of  fig.  5. 

The  variation  of  the  intensity  of  the  illusion  of  weight,  due  to  the 
acquisition  of  knowledge  of  size  by  different  senses,  may  be  formu- 
lated on  a  comparison  of  the  above  four  sets  of  results  as  follows : 

1.  The  illusion  of  weight  dependent  on  size  is  greatest  when  size 
is  estimated  mainly  by  muscle  sense,  and  the  weights  have  not 
previously  been  seen. 

2.  The  illusion  is  more  fluctuating  and  on  the  whole  not  quite  so 
strong  when  size  is  estimated  by  the  area  of  pressure  in  the  flat 
palm,  including  a  memory  of  the  third  dimension. 
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Fig.  5. 

3.  In  these  variations  the  illusion  is  weakest  when  size.is'estimated 
by  direct  sight. 

4.  When  size  is  estimated  by  the  combined  effect  of  all  the  spatial 
seuses,  the  illusion  is  weaker  than  when  depending  on  muscle  sense 
or  touch  and  stronger  than  when  dependent  on  sight  alone. 


Mfth  series  of  experiments :  Illusion  of  weight  due  to  the  knowledge 
of  the  material  of  which  ths  weights  are  made. 

This  series  of  experiments  pertains  to  a  corollary  of  the  foregoing 
conclusions.  Is  there  an  illusion  of  weight  dependent  upon  disap- 
pointed expectation  caused  by  a  supposed  knowledge  of  the  material 
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lifted?  Theoretically,  if  size  has  a  Buggestive  influence  upon 
judgment  of  weight  by  leading  the  observer  to  expect  a  body  to  be 
heavy  or  light  according  as  it  is  large  or  small,  a  similar  association 
between  judgment  of  weight  and  knowledge  of  the  specific  gravity 
of  the  material  lifted  ought  to  cause  an  illusion  of  weight,  under 
favorable  circumstances.  If  a  body,  seen  to  be  made  of  a  heavy 
material  but  containing  a  light  deceptive  core,  be  lifted,  it  will  rise 
too  easily  because  lifted  with  an  effort  calculated  to  raise  a  heavier 
weight,  and  it  ought  to  be  underestimated  for  the  same  reason  that 
a  large  block  in  Set  A  is  underestimated.  In  the  same  manner,  if 
a  body  apparently  made  of  a  solid  piece  of  light  material  but 
containing  a  heavy  deceptive  core  be  lifted  with  a  motor  adjustment 
adapted  to  the  apparent  weight,  it  will  require  more  effort  than  was 
expected  to  raise  it,  and  it  ought  to  be  overestimated  for  the  same 
reason  that  the  small  block  in  Set  A  is  overestimated. 

This  problem  suggests  a  wide  range  of  experiments,  but  there  are 
very  great  difficulties  in  the  way  of  an  accurate  measurement.  The 
methods  I  have  employed  in  this  series  are  only  partially  successful. 
An  attempt  was  made  by  three  sets  of  experiments  to  bring  oat  the 
following  variations  in  the  conditions  of  the  bodies  to  be  lifted  : 

1.  Same  size  and  weight  but  different  material  ; 

2.  Same  size  but  different  material  and  weight ; 

3.  Different  size,  weight  and  material. 

First  set. 

Four  blocks  were  made  of  the  same  shape  and  size  as  the  B's,  i.  e. 
42.9™°  in  diameter,  and  the  same  weight  as  the  A's,  i.  e.  80«f.  One 
was  made  of  cork,  one  of  wood,  one  of  copper  and  one  of  lead.  The 
first  two  were  filled  and  the  last  two  were  cored  out  until  each  one 
weighed  80^.  This  was  done  so  carefully  that  the  surfaces  in  their 
natural  color  suggested  that  the  weights  were  turned  out  of  solid 
pieces  of  the  respective  materials  and  were  uniform  throughout.  It 
was  thought  that  the  observers  would  possess  a  fairly  definite 
knowledge  of  the  specific  gravity  of  these  four  kinds  of  material. 

The  method  was  to  require  the  observer  to  take  one  of  these  at  a 
time  and  match  it  in  the  original  Set  B.  Ten  observers  tried  the 
experiment,  but  the  amount  of  error  which  may  be  due  to  the  illusory 
influence  is  not  more  than  what  must  be  allowed  for  the  mean  varia- 
tion. This  set  was  a  failure  because  the  lead  was  too  light  to  allow 
any  one  to  suppose  that  it  was  solid,  and  the  cork  was  so  heavy  that 
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the  observer  at  once  concluded  that  it  was  filled.  The  illusion  was 
quite  effective  in  the  wood  and  the  copper  blocks,  but  the  judgments 
of  these  were  influenced  by  the  deceptive  appearance  of  the  other 
two,  so  that  the  mean  variation  was  large. 

Second  set. 

Three  blocks  were  made  the  same  size  as  the  B's,  i.  e.  42.9™"  in 
diameter,  but  of  the  following  materials  with  their  respective 
weights  :  (1)  cork,  natural  weight  40«^,  loaded  to  55«  ;  (2)  wood, 
natural  weight  65«f,  loaded  to  80*  ;  (3)  lead,  natural  weight  not 
determined,  cored  out  so  as  to  weigh  120«f.  Their  appearance 
suggested  that  they  were  uniform  throughout.  The  aim  was  to 
make  them  feel  different  from  what  the  observer  expected  them  to 
feel  ;  but  not  so  much  that  he  would  suspect  that  they  had  a  false 
appearance.  Nothing  was  said  by  explanation  or  question  as  to  the 
character  of  the  material  before  beginning  the  experiments.  After 
these  experiments  about  60^  of  the  observers  stated  that  they  had 
taken  the  blocks  to  be  made  solid  of  the  materials  seen  on  the 
surface.  About  20^  were  uncertain,  and  the  rest  thought  that  they 
had  a  deceptive  appearance. 

Fourteen  observers  gave  this  result  in  selecting  corresponding 
B's  for  the  lead  block  :  one  overestimated,  six  right,  and  seven 
underestimated.     The  average  amount  of  the  underestimation  was  8*. 

In  the  same  manner  fourteen  observers  gave  the  following  results 
in  matching  the  cork  block  :  one  underestimated,  four  right,  and 
nine  overestimated.  The  average  amount  of  the  overestimation  was 
7*^,  which  may  be  considered  as  due  to  the  15«  surreptitious  weight. 

The  twenty-nine  observers  who  matched  the  wooden  block  gave 
these  results :  three  underestimated,  seven  right,  and  nineteen 
overestimated.     The  average  amount  of  overestimation  was  10*. 

The  apparatus  cannot  be  counted  a  real  success  until  it  contains  an 
appreciable  illusion  for  all  observers  and  still  has  no  suggestion  of 
deceptive  appearance.  Nevertheless  this  fragmentary  set  of  experi- 
ments shows  that : 

1.  When  a  body  containing  a  surreptitious  light  core  is  lifted 
with  a  motor  adjustment  adapted  to  the  expected  weight  of  a  certain 
material  and  it  feels  lighter  than  was  expected,  that  body  will  be 
underestimated  in  weight ;  and 

2.  When  the  body  lifted  contains  a  deceptive  heavy  core,  the 
observer  will  overestimate  the  weight  of  that  body,  especially  if  he 
does  not  suspect  the  presence  of  the  core. 
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Third  set. 


The  largest  and  the  smallest  of  the  blocks  of  Set  A  were  used  uid 
in  addition  two  extra  blocks  were  made,  here  called  respectively  P 
and  L  for  brevity.  P  was  a  solid  piece  of  pine  wood  turned  to 
exactly  the  size  of  the  largest  A,  which  made  it  weigh  75'.  L  was  a 
solid  piece  of  lead  turned  in  the  shape  of  the  smallest  A  until  it 
weighed  76^  ;  the  length  was  kept  the  same  as  that  of  A,  but  the 
diameter  had  to  be  reduced  to  16™*"  in  order  to  secure  the  proper 
weight.  This  made  it  a  little  more  than  two  steps  smaller  than  the 
smallest  A,  according  to  the  ratio  of  the  diameter  of  the  A's. 

The  aim  was  to  determine  whether  the  illusion  would  be  ^eater 
between  the  largest  and  the  smallest  blocks  in  A,  which  appeared  to 
be  made  of  the  same  material,  than  between  P  and  L,  whose  appar- 
ent material  suggested  the  proper  weight.  By  the  method  followed 
each  of  these  four  blocks  was  to  be  matched  twice  in  Set  B,  taking 
them  in  reverse  order  so  as  to  avoid  errors  due  to  the  order  of 
sequence.  Eighteen  observers  had  two  trials  each.  The  averages  of 
the  B's  selected  were:  For  largest  A,  4.6  ;  for  smallest  A,  13.4; 
for  L,  12.8  ;  and  for  P,  6.3  ;  with  the  corresponding  average  mean 
variations  :  For  largest  A,  6'  ;  for  smallest  A,  9« ;  for  L,  10«  ;  and 
for  P,  7».  Hence,  although  P  weighed  5«  less  than  largest  A,  it  was 
estimated  to  be  on  the  average  3.5«  heavier,  making  the  illusion  in 
P  8^  less  than  the  illusion  in  largest  A.  And,  although  L  was  over 
two  steps  smaller  than  smallest  A,  and  weighed  5^  less,  it  was 
judged  to  weigh  only  three  grams  less.  Taking  the  average  of  tbe 
results  previously  obtained  for  the  A's,  the  illusion  for  L  is  found  to 
be  about  7^  less  than  for  smallest  A. 

In  the  thirty-six  trials  the  illusion  was  stronger  for  largest  A  than 
for  P  twenty-nine  times,  equal  six  times  and  weaker  once.  Similarly 
it  was  stronger  for  smallest  A  than  for  L  thirteen  times,  equal  nine 
times,  and  weaker  only  fourteen  times,  although  L  was  over  two 
steps  smaller  than  smallest  A. 

I  place  no  great  confidence  in  the  quantitative  determinations  in 
this  series  of  experiments,  because  not  all  the  conditions  were  suffi- 
ciently  controlled,  but  the  general  qualitative  results  are  positive.  It 
has  been  proved  in  two  different  ways  that  knowledge  of  the 
material  lifted  influences  the  judgment  of  weight,  namely  : 

1.  When  there  is  no  illusion  on  account  of  size,  there  is  under 
certain  circumstances  an  illusion  caused  by  knowledge  of  the 
material  lifted ;  and, 


Medsurements  of  illusions  and  hoMucinationa  in  normal  life.     1 9 

2.  When  there  is  an  illusion  due  to  size,  it  is  not  so  strong  when 
the  difference  in  size  is  proportional  to  the  specific  gravity  of  the 
material  lifted  as  when  there  is  no  definite  knowledge  of  the 
material. 


General  remarks  on  the  experiments  in  Part  First, 

Owing  to  the  nature  of  the  subject  the  method  employed  is  neces- 
sarily a  combination  of  the  experimental  and  the  statistical.  It  is 
experimental  because,  whenever  practicable,  I  have  varied  the 
conditions  and  repeated  the  tests  on  the  same  individual.  On  the 
other  hand,  a  sufficient  number  of  persons  from  the  various  vocations 
have  been  tried  to  satisfy  the  statistical  demands  and  justify  the 
conclusion  that  the  main  laws  derived  are  fairly  universal. 

Apparatus. 

The  difference  between  the  B's  was  made  5^,  because  in  an  arith- 
metical series  that  is  about  the  average  limit  of  discrimination  for 
weight  within  the  range  here  investigated.  The  possible  variable 
error  due  to  this  cause  is  ±2.5^.  This  source  of  error  is  evenly 
distributed  throughout  the  series  ;  hence,  it  does  not  alter  the 
expression  for  the  general  intensity  of  the  illusion,  but  merely 
causes  minute  fluctuations  in  the  curves  of  the  results. 

If  a  wider  range  had  been  investigated,  the  B's  should  have  been 
made  to  vary  in  weight  by  an  increment  of  about  -j^  according  to 
Weber's  law,  in  order  that  the  perceptions  of  difference  should  have 
been  equally  appreciable  in  discriminative  consciousness.  Here  a 
constant  difference  was  used  merely  for  convenience,  but  that  arrange- 
ment ought  not  to  modify  the  results  appreciably. 

The  additional  2^  of  the  suspending  apparatus  is  the  same  for  all 
the  blocks,  and  this  increase  in  the  total  range  of  the  weight  has  so 
small  effect  on  the  results  that  it  may  practically  be  neglected. 

In  a  series  of  cylinders  of  equal  length  but  varying  diameter,  there 
is  a  constant  illusion  in  regard  to  length.  The  apparent  length 
increases  with  the  decrease  of  the  diameter.  In  order  that  these 
blocks  should  have  appeared  to  be  of  the  same  length  they  should 
actually  have  varied  in  geometric  ratio  with  a  very  small  increment. 
This  could  not  be  done  in  the  present  test  because  one  of  the  required 
conditions  was  that  the  grip  should  be  uniform. 

The  temperature  of  the  blocks  was  kept  practically  constant. 
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Observers. 

The  following  essential  reqaisites  were  kept  in  view  in  selecting 
observers  : 

1.  They  shall  be  careful  and  competent  observers  ; 

2.  They  shall  have  no  previous  knowledge  of  the  special  principles 
involved  or  of  the  direct  purpose  of  the  experiment ; 

3.  They  shall  not  know  how  or  of  what  material  the  blocks  are 
constructed ; 

4.  They  shall  be  in  a  comfortable  condition  and  free  from  emo- 
tional disturbances  ; 

5.  They  shall  be  trusted  not  to  work  according  to  any  prejudicial 
scheme  or  preconceived  theory. 

These  qualifications  could  only  be  secured  in  a  relative  manner, 
but  the  aim  was  scrupulously  adhered  to  so  far  as  resources  and 
temporary  conditions  permitted.  Discrepancy  in  the  attainment  of 
these  requirements  accounts  for  many  of  the  partial  variations  from 
the  general  law  of  the  illusions.  The  requirements  were  altered  for 
the  fifth  and  the  latter  part  of  the  second  series  so  as  to  suit  the 
special  demands  of  those  eases.  On  the  whole,  I  was  fortunate  in 
securing  the  assistance  of  reliable  observers,  who  worked  with  a 
scientific  interest. 

Elimination  of  errors  in  method. 

There  is  a  law  that  when  two  bodies  of  approximately  the  same 
weight  and  size  are  lifted  in  succession,  the  weight  of  the  latter  is 
overestimated.  The  extent  of  this  error  varies  considerably  for 
different  persons  and  for  the  same  person  at  different  times.  In  the 
present  experiments  it  was,  however,  practically  eliminated  by 
requiring  the  observer  to  lift  two  blocks,  to  be  compared  alternately 
several  times  before  forming  his  decision. 

In  certain  cases  there  may  have  been  a  slight  error  due  to  the 
order  in  which  the  blocks  were  taken  up  to  be  matched.  This  applies 
to  both  the  A's  and  the  B's.  Thus  in  the  second  series  it  was 
found  that  the  curve  of  the  illusion  is  a  little  more  regular  when  the 
A's  are  taken  in  order  than  when  they  are  taken  at  random.  In  the 
same  manner  the  illusion  might  depend  slightly  on  how  many  B's 
were  picked  up  and  tried  before  a  decision  was  reached.  These 
influences  may  have  affected  some  single  choices,  but  they  do  not 
appreciably  change  the  expression  for  the  general  intensity  of  the 
illusion.     This  was  proved  by  actual  measurements. 
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The  memory  image  for  weight  sinks  very  rapidly  during  the  first 
ten  seconds.  The  blocks  were  therefore  placed  so  that  the  observer 
could  change  from  one  to  the  other  by  the  least  possible  movement 
and  change  of  position.  He  could  deliberately  lay  down  one  and 
pick  up  another  in  three  seconds.  The  time  required  for  this  transi- 
tion was  the  same  for  all  the  blocks. 

There  is  an  illusion  of  weight  caused  by  fatigue  in  lifting  objects. 
This  illusion  did  not  affect  the  present  experiments  because  the 
bodies  compared  were  lifted  alternately  several  times.  Furthermore 
the  number  of  trials  was  always  limited  to  such  an  extent  that  there 
would  be  no  necessary  cause  for  any  disturbing  fatigue  from  continu- 
ous exertion. 

The  known  error  in  judgment  of  weight  caused  by  lifting  a  light 
body  after  a  heavy  one,  was  here  avoided  by  the  fact  that  the  final 
discrimination  was  not  made  until  the  observer  had  reached  two 
blocks  that  appeared  to  weigh  the  same.  The  error  was  frequently 
involved  in  the  first  trials  of  any  experiment  where  there  was  a 
decided  difference  between  the  blocks,  but  as  the  observer  found  his 
way  up  to  those  that  appeared  more  and  more  alike,  it  was  gradually 
eliminated  before  he  reached  a  final  decision. 

The  weight  of  a  body  depends  upon  its  mass  and  the  velocity 
with  which  it  is  lifted.  Therefore  special  precaution  was  always 
taken  to  get  the  observer  to  lift  the  block  to  the  same  height  and 
with  the  same  velocity  as  nearly  as  possible. 

In  the  case  of  direct  sight  the  observer  would  often  for  a  moment 
try  to  avoid  the  distraction  of  sight  by  not  looking  at  the  block. 
Such  judgment  would  then  inevitably  be  exceptional  and  be  governed 
by  the  conditions  of  indirect  sight  op  visual  memory. 

Some  partial  variations  from  the  general  trend  of  the  illusion  in 
direct  sight  are  due  to  this  cause.  When  the  observer  took  such 
liberty  only  once  or  twice,  I  did  not  interfere,  but  if  he  proposed  to 
continue  I  was  obliged  to  inform  him,  in  some  guarded  statement, 
about  the  conditions  required. 

Suggestions  for  further  experiments. 

I  chose  the  diameter  of  middle  A  as  the  diameter  for  all  the  B's, 
merely  because  it  was  the  middle.  The  B's  might  have  been  made 
any  size  within  the  range  of  the  A's.  As  a  development  and  further 
proof  of  the  present  test,  the  following  variations  might  be  tried. 
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1.  Constmct  the  B^s  all  the  same  size  as  the  smallest  A,  making 
one  90K  and  the  rest  decreasing  by  steps  of  5^  each,  down  to  25^. 
That  would  allow  the  same  range  of  the  illasion  as  the  present 
apparatus,  since  the  smallest  A  might  be  judged  fully  three  times  as 
heavy  as  the  largest  A. 

2.  Construct  the  B^s  all  the  same  size  as  the  largest  A,  making  the 
lightest  70^  and  the  rest  increasing  by  10^  each  step  up  to  about  240*. 

3.  Similarly  construct  the  B^s  in  separate  sets  respectively  of  the 
same  size  as  each  of  the  intermediate  A's. 

From  tentative  tests  made  it  appears  that  the  illusion  would  have 
approximately  the  same  intensity  under  these  conditions  as  was 
determined  by  the  apparatus  and  method  employed.  The  difference 
between  the  principle  of  the  first  two  classes  of  apparatus  suggested 
and  the  one  employed  is  that,  according  to  the  former,  a  "quantity  is 
measured  by  a  direct  comparison  which,  according  to  the  latter,  is 
measured  by  an  intermediate  step.  This  would  be  true  when  two 
A's  are  compared  by  means  of  the  B's.  When  an  A  is  compared 
with  a  B,  the  process  is  the  same  in  both  cases.  It  will  be  observed 
that  in  all  these  suggested  experiments  it  is  the  same  objects  that 
are  measured,  but  the  measuring  is  done  by  different  means  in  each 
set  of  experiments. 

How  does  the  illusion  vary  with  a  greater  variation  in  diameter  of 
the  cylinders,  with  different  ranges  of  weight,  and  with  variation  in 
the  shape  of  the  weights?  These  and  similar  questions  demand 
solution  by  experiment,  but  the  measurements  can  not  be  made  as 
definite  and  as  accurate  as  those  in  the  present  research. 

Dr.  Scripture  has  a  set  of  weights  made  large  enough  to  use  in 
demonstrations  before  large  audiences.  It  consists  of  cubical 
wooden  boxes  loaded  with  lead  to  the  desired  weights.  There  are 
only  two  corresponding  to  my  A's,  the  smaller  8.2^'"  cube  and  the 
larger  60*^™  cube,  each  weighing  8 J  lbs.  Those  that  correspond  to 
my  B's  are  all  15^™  cube  and  range  by  f  lb.,  each  step  from  2  lbs.  up 
to  1 7  lbs. 

I  tried  the  experiment  with  this  apparatus  on  four  men  with  the 
following  result :  The  large  box  was  matched  with  boxes  of  5.75 
lbs.,  4.25  lbs.,  4.25  lbs.,  and  2  lbs.,  by  the  respective  observers — 
average  4  lbs. — that  is  there  was  an  underestimation  of  3  lbs.,  4^ 
lbs.,  4.26  lbs.,  and  6.75  lbs.  respectively — average  4.4  lbs.  The  small 
box  was  matched  with  8.5  lbs.,  14.75  lbs.,  18.25  lbs.,  and  10.25  lbs. 
respectively — average  11.9  lbs. — that  is,  there  was  a  corresponding 
overestimation  of  0.5  lb.,  6  lbs.,  4.25  lbs.,  and  1.5  lbs.t — average  2.9 
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lbs.  That  means  that  mainly  ou  account  of  this  difference  in  size 
the  observers  made  a  difference  of  2.75  lbs.,  10.5  lbs.,  0  lbs.,  and  8.25 
lbs.  respectively — average  7.6  lbs. — between  the  two  boxes,  which 
both  had  the  same  weight,  8.75  lbs.  That  is,  the  smaller  is  judged 
to  weigh  2.9  times  as  much  as  the  larger.  This,  it  will  be  observed, 
slightly  exceeds  the  average  amount  of  the  illusion  between  the 
extremes  in  my  set. 

This  illusion  is  based  upon  the  difference  in  volume,  but  a  compari- 
son between  Dr.  Scripture's  set  and  mine  shows  that  it  depends  very 
much  upon  the  shape  of  the  weights  and  whether  two  or  three 
dimensions  are  varied.  The  diameters  of  the  smallest  and  the  largest 
A  are  in  the  ratio  of  20:  91.9;  while  the  one  dimension  of  the 
boxes  stands  in  the  ratio  8.2  :  60,  and  still  the  illusion  is  not 
much  stronger  in  the  latter  case.  It  is  therefore  evident  that  it  does 
not  vary  directly  with  the  volume.  The  range  of  the  weight  is  the 
great  factor  which  must  here  be  taken  into  consideration.  It  would 
be  very  desirable  to  try  the  folio  «ring  variations  : 

1.  Extend  Set  A  with  additional  blocks  on  both  ends,  making  the 
smallest  as  small  as  possible  when  a  shell  is  filled  with  mercury  to 
80«  and  the  largest  as  large  as  possible  without  exceeding  the  given 
weight.  Handle  them  in  the  most  convenient  way  and  match  them 
in  an  extended  series  of  the  B's  to  determine  whether  the  illusion 
varies  with  the  variation  in  diameter  according  to  Weber's  law. 

2.  With  the  same  scale  of  variations  in  size  make  different  sets  of 
different  weight.  Sets  of  40*^,  160*^,  and  320'  would  perhaps  be  the 
best  weights  to  try  in  addition  to  the  original  set  of  80*. 

3.  Since  the  illusion  depends  very  much  upon  the  shape  of  the 
body  lifted,  it  would  be  very  interesting  to  determine  the  compara- 
tive amount  of  the  illusion  when  all  three  dimensions  are  varied  as 
in  regular  cubes  or  spheres. 

Dresslar*  found  that  of  bodies  (lead  sheets)  which  have  the  same 
weight  and  the  same  size  but  different  shape,  the  one  which  appears 
the  most  compact,  the  circle,  will  be  judged  to  be  the  heaviest.  The 
same  principle  ought  to  apply  to  the  cube  and  the  sphere  ;  and  it 
actually  appears  that  this  is  confirmed  by  Dr.  Scripture's  cubical 
boxes  as  well  as  by  CharpentierV  brass  balls. 

Since  on  impact  the  weight  of  a  body  varies  with  its  mass  and  the 
square  of  the  distance  through  which  it  falls,  the  normal  association 


*  Dresslar.  Studies  in  the  psychology  of  touch,  Am.  Jour.  Psych.,  1894  IV  49. 
'Charpentier,  Analyse  de  quelques  elements  de  la  sensation  de  poids,  Archives  de 
Physiol,  1891(5)111  126. 
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between  weight  and  velocity  of  impact  is  quite  strong  and  definite. 
Hence  on  the  basis  of  what  has  been  determined  the  following 
experiment  may  be  suggested  :  Construct  an  apparatus  sach  that  t 
ball  may  appear  to  fall  through  a  given  disUnce  and  impinge  upon 
the  hand  ;  but,  by  a  secret  device,  it  falls  only  a  part  of  thit 
distance  or  conversely,  through  a  greater  distance.  The  disappointed 
expectation  in  regard  to  the  velocity  of  impact  ought  to  cause  an 
illusion  which  might  readily  be  measured. 

The  difficulties  encountered  in  the  fifth  series  of  ex]>eriment8  urge 
the  investigation  of  another  problem,  the  effect  of  color  on  discrimi- 
nation of  weight.  Several  observers  stated  that  it  had  a  decided 
influence  on  their  judgments.  The  experiment  might  be  performed 
somewhat  as  follows :  Make  a  standard  set  of  twenty  blocks  corre- 
sponding to  the  B's  above,  of  an  "  indifferent "  color.  I^t  these 
vary  by  steps  of  3*^  each,  making  the  ninth  weigh  80*.  Make 
another  set  of  eighteen  blocks,  nine  of  the  "  indifferent "  color  and 
the  remaining  nine  of  each  of  the  respective  spectral  colors,  together 
with  black  and  white.  Let  these  last  nine  be  weighted  to  80*  -  four 
of  the  "indifferent"  to  77^,  74^,  71«,  and  68«  each  ;  and  the  remain- 
ing five  "indifferent"  to  83^,  86«,  89^  02«,  and  95«  each.  Require 
the  observers  to  match  each  block  from  the  second  set  with  one  in 
the  first  set,  which  will  serve  as  a  measure. 

Dbesslar*  seems  to  make  an  unjustifiable  inference  in  regard  to 
the  variation  of  this  illusion  with  the  degree  of  intelligence  of  the 
observer.     He  used  eight  cylinders  having  a  constant  weight  132»,  a 
constant  diameter  1  inch,  and  length  varying  by  steps  of  one-half 
inch  each.     Such  a  difference  causes  quite   a    decided   illusion   for 
everybody.     Fie  concludes  that  those  who  arranged  them  in  regular 
order  according  to  the  illusion  were  the  most  suggestible.     That  is 
not   necessarily  so.     All  that  he  can   conclude   is   that   those    who 
arrange  them  in  regular  order  have  the  finest  power  of  discrimina- 
tion ;  for  since  the  illusion  exists  for  all  persons,  an  error  in   the 
arrangement  is  the  same  as  an  error  of  observation  when  there  is  an 
absolute  difference  in  weight.     One  who  has  a  very  fine  power  of 
discrimination  may  arrange  the  weights  in  perfect  order  according 
to  the  illusion  even  if  the  illusion  is  not  half  as  strong  with  him  as 
with  another  person  who  is  a  poor  observer  and  cannot  judge  weights 
well  enough  to  arrange  these  in  order.     Dresslab's  apparatus  does 
not  afford  him  any  definite  measure  for  the  intensity  of  the  illusion. 

»  Deesslar,  Studies  in  the  psychology  of  touch,  Am.  Jour.  Psych.,  1894  IV  41. 
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To  justify  his  conclusion  he  should  have  measured  the  extent  of  the 
illusion  for  the  different  classes  of  observers.  This  Gilbert*  did  in 
his  tests  on  school  children,  and  he  found  that  the  intensity  of  the 
illusion  decreases  quite  regularly  in  children  from  the  age  of  9  to  17. 
From  6  to  9  the  suggestion  increased,  but  from  9  to  17  inclusive  it 
decreased,  the  amount  of  the  illusion  for  his  apparatus  being  as 
follows  for  the  respective  ages  beginning  with  9  :  50.0»,  43.5»,  40.0*, 
40.5»,  38.0»,  34.5S  35.0«,  34.5»,  and  27.0«.  If  we  admit  that  children 
at  1 7  have  a  higher  degree  of  intelligence  than  children  at  9,  this 
proves  just  the  reverse  of  Dbesslab's  conclusion.  To  experiment 
further  upon  this  very  important  problem,  a  very  satisfactory 
arrangement  would  be  had  by  taking  Dbesslab's  method  of  classi- 
fying pupils  into  three  classes  according  to  general  intelligence  and 
testing  them  by  the  apparatus  used  in  this  research. 

Psychological  analysis. 

Perception  of  weight  is  an  interpretation  by  discriminative 
consciousness  of  a  very  complex  series  of  peripheral  sensory 
elements  with  a  conative  feeling  of  effort  in  the  light  of  an 
intricate  series  of  associated  ideas.  An  illusion  of  weight  is 
caused  when  any  of  these  factors  stand  out  in  an  unnatural 
relation.  Thus  if  the  skin  be  inflamed,  the  haptic  sensations  will 
be  abnormal ;  if  the  muscles  be  fatigued  or  the  joints  disordered, 
the  muscle  sense  and  the  joint  sense  will  give  a  wrong  impres- 
sion ;  if  the  central  associations  through  memory,  imagination, 
and  comparison  be  mistaken,  the  interpretation  will  be  false  ; 
and  if  the  exerted  effort  be  disproportionate  to  the  object,  the 
expended  energy  will  be  incorrectly  estimated. 

In  order  to  see  the  psychological  process  in  the  present  illusion, 
let  us  take  an  example,  magnify  that  instantaneous  perceptive 
process,  and  analyze  it  into  its  constituent  elements  in  a  schematic 
way. 

The  weight  of  an  object  is  to  be  determined  by  lifting  it  in 
view.  The  first  step  consists  in  the  presentation  of  a  sensation 
complex,  which  is  the  sensory  report  of  the  eye  and  hand  upon 
seeing  and  grasping  the  object  to  determine  its  spatial  relations. 
Though  knowledge  of  size   may  not  be  necessary  for  the  percep- 


*  Gilbert,  Researches  on  the  mental  and  physical  development  of  school  children,  Stud. 
Yale  Psych.  Lab.,  1894  II  60. 
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tion  of  weight,  it  always  enters  as  a  prelimiiuurf  detennfnatiffli 
I  cannot  conceive  what  kind  of  a  sense  of  weight  a  person  worid 
have  without  some  estimate  of  the  volame  through  wliioh  it  is 
distributed.  The  presentations  of  the  spatial  sensations  fint  fix 
in  discriminative  consciousness  an  image  of  the  siae  of  the  objeoli 
and  this  is  compared  with  the  memory  images  of  experioioes 
with  similar  objects.  In  a  comparisoti  of  the  surface  appearanoes 
in  color,  shape,  nature  of  material,  smoothness,  hardness,  eta,  it 
is  the  function  of  attention  to  bring  all  these  considerations  into 
service  to  determine  the  probable  weight  on  the  basis  of  prerioiis 
experiences. 

After  an  elaborate  and  infinitely  complex  process  of  discrim- 
ination and  comparison,  the  result  is  that  a  probable  weight,  «, 
is  assigned  to  the  object.  This  whole  mental  process  vras  per- 
formed before  the  object  was  raised  from  its  base.  The  moUMr 
apparatus  had  waited  for  a  command  from  discriminative  con- 
sciousness, directing  what  amount  of  effort  should  be  pat  forth 
in  order  that  the  motor  adjustment  should  correspond  to  the 
mass  of  the  object.  In  consideration  of  the  estimated  probable 
weight,  to,  the  gauge  of  the  motor  impulse  is  set  to  a  correspond- 
ing amount  of  motor  effort,  to.  The  judgment  of  weight  is  an 
interpretation  and  estimation  of  the  amount  of  this  effort,  «9, 
expended. 

If  the  effort  put  forth  just  meets  the  demand,  the  weight  will 
be  judged  accurately,  other  things  being  equal.  But  if  some 
greater  effort,  w  +  d,  should  be  required  in  succeeding  to  lift  the 
object,  the  extra  effort,  dy  is  brought  into  exceptional  relation  to 
w,  and  this  causes  d  to  become  prominent  and  overestimated.  Since 
d  is  an  increment  of  t/j,  w-hd  will  be  overestimated,  i.  e.  the 
weight  of  the  object  will  be  overestimated.  And,  if  w-d  should 
be  required,  d  will  again  be  overestimated  for  the  same  reason. 
Since  d  must  be  subtracted  from  w,  to-d  will  be  underestimated, 
i.  e.  the  weight  of  the  object  will  be  underestimated. 

Here  we  have  taken  for  granted  that  w  was  determined  by  onr 
general  past  associations  between  weight  and  size.  But,  suppose 
in  a  particular  case,  largest  A  and  smallest  A  are  to  be  lifted  in 
succession.  Since  they  have  the  same  appearance  except  in  size, 
there  is  a  special  and  very  definite  association  formed  between 
size  and  weight,  which  raises  the  value  of  d  by  contrast  and 
makes  it  more  definite.  The  greater  the  value  of  dy  the  greater 
will  be  the  consequent  illusion.     Hence,   this  illusion  of   weight 
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depends  upon  our  more  or  less  fixed  associations  between  size  and 
weight. 

Si^ht  first  scans  the  object,  estimating  its  size ;  then  come 
the  skin,  joint,  and  muscle  sensations  and  emphasize  its  reality 
and  solidity.  When  this  is  done,  active  motor  consciousness 
proceeds  to  estimate  its  weight.  Or,  to  emphasize  the  different 
steps  again,  the  size  of  the  object  is  first  estimated  ;  then,  on  the 
basis  of  that  and  the  appearance  of  the  material,  a  mental  esti- 
mate of  its  probable  weight  is  formed  ;  and,  with  the  muscles 
accommodated  to  this,  the  actual  weight  is  judged  by  estimating 
the  amount  of  expended  effort. 

The  above  analysis  corresponds  to  the  actual  process  of  per- 
ception in  the  case  of  the  illusion  under  consideration.  Let  us 
trace  its  process  more  particularly  in  different  stages. 

In  a  preliminary  way  two  objects,  largest  A  and  smallest  A  in 
the  above  apparatus,  are  to  be  compared  in  weight.  The  observer 
looks  at  both  and  then  lifts  largest  A,  noticing  its  size  particu- 
larly. It  is  found  lighter  than  was  expected.  Consequently  a  cer- 
tain amount  of  effort,  c?,  must  be  subtracted  from  w.  Therefore 
there  is  an  illusion  :  largest  A  is  underestimated.  Then  he  lifts 
smallest  A  in  the  same  manner.  Since  the  two  objects  appear  to  be 
made  of  the  same  uniform  material,  and  the  weight  of  largest  A  is 
known,  the  probable  weight  of  smallest  A  is  estimated  to  be  in  pro- 
portion to  the  size  of  the  objects  ;  hence  the  intensity  of  to  is  based 
upon  a  comparison  of  the  diameters  of  the  two  objects.  Conse- 
quently d  is  raised  to  a  very  high  value  by  the  disappointed  expecta- 
tion due  to  contrast,  and  smallest  A  is  very  much  overestimated. 
In  both  the  overestimation  and  the  underestimation  there  is  evi- 
dently a  surprise  or  disappointed  expectation. 

This  explanation  is  applicable  in  the  first  trial,  where  there  is  a 
surprise.  But  how  explain  the  persistence  of  the  illusion  in  repeated 
trials  with  the  same  block  as  well  as  with  a  series  of  blocks  ? 

Suppose  the  observer  has  matched  the  blocks  19  times  and  come 
to  a  fairly  positive  conclusion  that  the  smallest  one  is  twice  as 
heavy  as  the  largest  one.  Then  he  knows  just  what  to  expect  the 
20th  trial,  and  there  ought  not  to  be  any  surprise.  But  the  illusion 
is  there  just  as  before.  Could  we  neglect  or  break  up  a  series  of 
fixed  associations  that  have  been  forming  in  all  our  past  life,  then 
there  ought  theoretically  not  to  be  any  extensive  persistence  of  the 
illusion.  But  we  cannot.  The  judging  activity  is  not  in  such 
perfect  control  that  all  the  information  gained  by  the  first  trial  can 
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be  utilized  and  all  previous  awociations  set  aside.  Instead  of  taking 
a  new  course  in  the  second  trial  and  estimating  the  amount  of  effort 
only  by  the  experience  with  these  particular  blocks,  interpretative 
consciousness  ignores  that  and  follows  the  formerly  set  paths  of 
habit.  It  receives  the  new  reports  from  the  spatial  senses  for  each 
trial,  compares,  discriminates,  and  commands  as  before,  often  irre- 
spectively of  the  immediately  preceding  experience.  This  is  liable 
to  continue  as  long  as  the  observer  is  not  informed  of  the  illusion. 

But  how  explain  the  persistence  of  the  illusion  when  the  observer 
knows  all  about  it  ?  Suppose  he  has  been  told  that  two  objects  have 
the  same  weight,  and  he  has  empirically  discovered  that  the  weight 
seems  to  vary  inversely  with  the  size.  lie  lifts  them  and  the  orig- 
inal illusion  persists.  The  same  explanation  must  here  be  extended. 
He  does  not  possess  will  power  enough  to  disregard  the  accustomed 
manner  of  association  and  put  into  practice  what  he  ought  to  know. 
Size  has  ever  before  been  influential  in  determining  weight,  there- 
fore, relatively,  it  can  not  be  suppressed.  This  is  not  a  si^  of 
weakness  in  discrimination  or  judgment ;  it  is  the  working  princi- 
ple for  those  whom  we  consider  most  intelligent.  That  feeling  of 
interest  which  sight  commands  is  persistent  and  insists  on  distribut- 
ing the  felt  weight  throughout  the  perceived  volume  ;  and  in  the 
ordinary  flow  of  conscious  activity,  it  is  almost  impossible  to  muster 
force  enough  to  dam  it  uj). 

The  same  principle  is  confirmed  by  the  variation  of  the  illusion 
with  the  directness  of  sight.  It  is  illustrated  by  the  four  steps  in 
the  third  series  of  experiments.  If  we  may  rej)resent  attention  as  a 
force,  attention  to  spatial  sensations  and  attention  to  direct  sensa- 
tions of  weight  are  two  forces  which  have  generally  worked  in  the 
same  direction;  but,  under  these  illusory  circumstances,  the  former 
has  turned  against  and  opposes  the  latter.  As  one  decreases  the 
other  increases.  In  direct  sight  attention  to  size  has  a  strong  oppos- 
ing force  to  attention  to  weight ;  in  direct  sight  the  former  decreases 
and  the  latter  increases  ;  in  visual  memory  the  corresponding  increase 
and  decrease  is  still  greater  ;  and,  when  there  is  no  knowledge  of 
comparative  size,  attention  to  size  loses  all  force  and  there  is  no 
illusion. 

The  same  principle  is  again  exemplifled  in  the  fourth  series  of 
experiments,  though  somewhat  differently.  Previous  to  this  the 
knowledge  of  comparative  size  had  been  acquired  by  sight.  Here 
sight  was  excluded  in  the  first  two  steps.  Size  was  estimated  by 
the  other  spatial  senses.     It  is  more  of  an  effort  to  determine  size  by 
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touch  or  muscle  sense  than  by  sight.  Hence  it  requires  more  atten- 
tion, which  would  otherwise  be  accorded  to  the  sense  of  weight. 

Again  it  is  evident  that  the  same  principle  suffices  to  explain  the 
illusion  due  to  the  suggestive  force  of  the  material. 

In  a  word,  then,  the  illusory  influence  of  size  upon  judgment  of 
weight  consists  in  disappointed  expectant  attention.  We  continue 
to  be  disappointed  because  we  will  not  take  the  temporary  circum- 
stances into  sufficient  account. 


PART  SECOND. 

Experimental  applications  of  the  pbinciple  of  suggestion  in 

NOBMAL   presentations    OF   SENSE. 

There  is  no  dearth  of  observations  on  "  errors  of  sense,"  nor  need 
we  review  much  of  our  normal  experience  in  order  to  discover  the 
presence  of  the  force  of  suggestion.  I  have  not  undertaken  to  search 
particularly  for  new  classes  of  illusions  and  hallucinations.  The 
purpose  in  the  following  experiments  has  rather  been  to  take  up 
some  of  the  simplest  forms  and  principles  of  illusions  and  hallucina- 
tions and  submit  them  to  examination  by  applying  the  laboratory 
methods  of  psychological  experiment  to  normal  waking  life. 

The  chaotic  and  superstitious  view  of  mind  represents  it  as  lawless 
and  unknowable,  while  on  the  other  hand  we  have  the  view  that  by 
scientific  method  and  philosophical  introspection  the  laws  of  mind- 
mind,  normal  and  abnormal — may  be  studied  and  classified  just  as 
well  as  the  laws  of  matter.  Again,  on  the  one  hand  we  have  the 
phenomena  of  hypnotism,  mind  reading,  crystal  vision,  apparitions, 
telepathy,  etc.— considered  as  occult  practices,  while  on  the  other 
hand  there  is  an  attempt  to  bring  them  in  conformity  with  princi- 
ples at  work  in  normal  every-day  life.  And  yet  again  we  have  the 
claim  that  the  world  of  things  is  but  an  illusory  creation  of  imagina- 
tion, while  on  the  other  hand  there  are  those  who  regard  the  states 
and  actions  of  mind  as  fleeting  phantasms  and  place  implicit  faith  in 
the  presentations  of  sense. 

Any  attempt  to  discover  the  nature  of  sensory  illusions  and 
hallucinations  deals  with  the  core  about  which  these  contentions 
center.  It  is  surprising  that  so  little  real  scientific  work  should  have 
been  done  in  a  field  so  important.  The  whole  subject  of  "Trug- 
wahrnehmungen  "  readily  presents  itself  for  experiment  and  it  may 
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well  profit  by  the  recent  developments  in  laboratory  methods  and 
facilities  for  experimental  psychology.  Working  in  this  direction,  I 
have  the  disadvantage  of  being  one  of  the  first  to  enter  this  domain, 
and  consequently  the  method  is  tentative  and  cursory. 

HallucincUions  of  warmth. 

Apparatus. 

The  apparatus*  for  this  experiment  was  constructed  on  the  principle 
that  a  wire  will  be  heated  by  parsing  an  electric  current  through  it 
Two  binding  posts  were  placed  8*^™  apart  and  connected  by  a  German 
silver  wire.  They  were  then  connected  in  circuit  with  a  bichromate 
dip  cell  and  a  secret  open-circuit  key.  The  battery  and  the  stand 
supporting  the  German  silver  wire  were  placed  together  on  a  table  in 
front  of  the  observer,  while  the  open-circuit  key  was  fastened  under 
the  table,  where  it  could  be  readily  opened  and  closed  with  the  knee 
without  being  detected. 

Method  of  experimenting  and  results. 

The  experimenter  and  the  person  experimented  upon  were  seated, 
one  on  each  side  of  the  apparatus,  facing  each  other.  The  prepara- 
tory explanation  had  to  vary  with  the  observer's  knowledge  of  the 
principles  involved.  His  attention  was  called  to  the  fact  that  an 
electric  current  will  heat  a  wire  and  that  it  will  take  an  appreciable 
time  for  a  person  touching  the  wire  to  perceive  this  heat.  The 
instructions  were  :  **  At  a  signal  which  I  will  give,  after  the  dip  is 
lowered,  grasp  that  wire  between  your  thumb  and  index  finger ; 
concentrate  your  attention  on  what  you  are  doing,  and  when  you 
feel  the  wire  become  heated,  say  hot^ 

All  being  ready,  I  lowered  the  dip  as  mechanically  as  possible  and 
a  second  later  gave  the  signal  to  grasp  the  wire.  The  time  between 
the  signal  and  the  reaction  was  recorded  in  seconds.  In  the  lirst  two 
to  five  trials  I  closed  the  circuit  with  the  knee  key,  the  wire  was 
heated,  and  we  found  roughly  the  time  that  it  took  to  perceive  the 
heat.  The  observer  thus  received  a  distinct  perception  of  how  the 
wire  became  heated,  associated  this  with  the  lowering  of  the  dip, 
and  formed  a  distinct  estimation  of  the  required  time. 

Then  I  suggested  that  we  repeat  the  experiment  a  sufficient 
number  of  times  to  secure  a  fair  average.     We  proceeded  exactly  as 

^ScRU^TUBE,  Tests  on  school-children,  Eduo.  Rev^.,  1893  V  61. 
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before,  except  that  I  left  the  carrent  broken  ;  thus,  although  I 
low^recl  the  dip,  no  current  went  through  the  wire. 

Five  different  eignalfl  were  used,  namely  :  (1)  a  wire  coil  whirled 
BO  as  to  rattle  and  expose  a  red  card,  having  an  effect  on  eye  and  ear 
(the  starting  of  thie  whirl  was  the  signal  lo  grasp  the  wire);  (2) 
tapping  the  right  hand  with  a  pencil  (same  hand  as  held  the  heated 
wire)  ;  (3)  tapping  the  left  hand  with  a  pencil ;  (4)  tapping  on  the 
table;  (5)  saying  "Now;"  (6)  tapping  the  wrist. 

The  experiments  were  made  in  sets  of  ten  triats,  using  a  different 
signal  for  each  set.  The  signals  were  taken  in  the  order  given 
above.  When  no  heat  was  perceived  in  one  minute,  that  experiment 
was  recorded  as  a  failure.     The  results  are  contained  in  Table  VI. 

TiBLK   VI. 

Hallucination  oj  tearmlh. 


P      ISIgnaii.  signal  t. 
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*•;■;■' 

Sljmais. 

SlffROlfi. 
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0 
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0 

IS 
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'19    6    0 
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0 
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0|  ..'..  .. 

60      48 

3 

33 
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2    5    0 

10     I 

1 

T'  2 
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80      80 

0 

8 
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3    0 

0 
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eo  '  60 

0 

3 
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ll 
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1 

11 
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10'  2 

0, 

1.1  a 

0, ..(.... 

GO      fiO 

n 

10 

Tilt      3|  1'  0:    3   0   0 

3    1    0 

■   ^1   ' 

0 

Ai 

0|,  1'  3    0 

1  60   .  60 

0 

4 

O,  obaerver. 

T,  average  number  of  seconds  required  | 
for  the  halluciDition  to  sriae.  '  M. 

MV,  mean  variation.  |      E,   total   number  of  do  hallucinalioni 

F,  number  of  eiperimenta  in  which  no  '  wilhin  one  minute, 
hallucination   vae   produced   within   ooe  '      A,  average  number  of  seconds  for  all  T. 


The  object  of  using  different  signals  was  to  find  if  the  hallucina- 
tion would  be  influenced  by  the  character  of  the  signal,  but  the 
conditions  could  not  be  satisfactorily  controlled  for  that  purpose, 
and  the  difference  in  time  depending  on  this  is  not  great  enough  to 
warrant  any  generalization  from  the  figures  on  that  point.  It  is, 
however,  quite  probable  that  this  division  and  use  of  different  signals 
tended  to  increase  the  force  of  the  original  suggestion  by  intensify- 
ing the  expectant  attention. 
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The  leading  mental  process  in  these  hallnoinations'  was  an  infer 
ence.  The  fact  that  the  experimenter  performed  apparently  the 
same  manipulations  that  in  the  preparatory  trials  had  prodaced  s 
distinct  sensation,  formed  the  definite  suggestion  that,  since  tke 
conditions  were  in  toto  repeated,  the  resultant  sensation  would  recv 
in  the  same  time  and  manner  as  before.  By  force  of  a  firm  escpee- 
tant  attention,  caused  by  this  inference,  the  image  of  the  aenaatioi 
realized  itself  in  a  sensation  projected  into  the  peripheral 
And  in  the  positive  instances,  the  observer  felt  it  just  as  he 
to  feel  it,  although  there  was  no  physical  stimulus. 

Remarks  like  these  were  frequent:  ''faint,"  '* distinct^** 
warm,"  "  very  distinct,"  "  suddenly  hot,"  showing  that  the 
tion  existed  in  different  degrees  of  intensity.  It  was  dilHedK^ 
convince  those,  to  whom  the  experiment  was  afterwards  expUbH^ 
that  the  actual  stimulus  had  really  been  withheld.  The  eighdi 
observer  had  heard  a  lecturer  refer  to  the  test.  When  questioned 
after  the  test  in  regard  to  his  experience,  he  said  he  felt  the  heat 
distinctly  every  time,  although  at  first  he  thought  there  was  some 
trick  about  it.  From  these  experiments  I  conclude  that  a  mental 
image  of  a  definite  liminal  sensation  of  heat  can  be  realized  in  a 
peripheral  sensation  in  the  absence  of  any  physical  stimulus  if  there 
is  no  incongruity  in  the  phenomena  which  serve  as  suggestions. 

Illusions  of  photomttric  cJutuyts  in  gray. 

Apparatus. 

This  apparatus  was  constructed  on  tlie  principle  that  the  intensity 
of  the  shade  of  a  white  surface  varies  with  the  angle  at  which  the 
rays  of  light  strike  it.  The  aim  in  its  construction  was  to  present 
two  symmetrical  white  surfaces  so  adjusted  that  they  could  be 
turned  independently  at  a  graduated  rate  and  distance,  changing 
the  angle  of  incidence  of  the  rays  of  light  that  fell  on  both  surfaces 
from  one  artificial  light. 

A  front  opening  in  a  wooden  frame,  fig.  6,  was  covered  by  black 
card-board,  which  had  two  symmetrical  openings,  2*^™  apart.     The 


*  I  have  observed  the  distinctiou  between  illusion  and  halluciDation  tirst  made  bj 
Arnold  (1806)  and  now  accepted  in  a  general  way,  namely,  that  sensory  illusion  is  a 
false  interpretation  of  an  object,  while  sensory  haUucination  is  a  subjective  sense 
image  objectively  realized  by  external  projection ;  that  is,  in  illusion  there  is  a  physical 
cause,  while  hallucination  is  purely  subjective.  It  is,  however,  probable  that  there  is 
a  "  point  de  repere  "  in  many  of  the  phenomena  I  have  classified  as  hallucinations. 
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openings  were  6"°  wide  and  6"°  bigh.  Back  of  them  were  two 
leavfis  swinging  od  hinges  at  the  middle  of  the  partition  between  the 
openings.  The  fronts  of  these  leaves  were  covered  with  fine  white 
Bristol  board.  To  the  outer  ends  of  these  leaves,  cords  were 
attached,  which  wound  around  an  axle  in  the  rear  of  the  apparatus 
in  such  a  manner  that  the  motion  of  the  leaves  could  be  controlled 


by  a  crank  on  the  axle.  One  revolution  of  the  axles  constituted  the 
standard  for  measurement  of  change  in  the  angles,  and  was  marked 
off  in  corresponding  degrees  on  the  arcs  described  by  the  outer  ends 
of  the  swinging  leaves.  Thus  the  term  degree  is  an  arbitrary  unit 
and  not  j^  of  a  circle.  For  convenience,  I  will  speak  arbitrarily  of 
the  amount  of  change  in  the  intensity  of  shade  produced  by  the 
swinging  of  a  leaf  one  degree  in  one  second  as  a  change  of  one 


d*gi*e-«<»nd.    The  B^ire*  id  all  the  table*  of  this  section  wcorJ 
the  reaolK  «n  term*  of  swell  tlo^ree-Mcoonds. 

The  tpparatuB  was  placed  in  the  dark-room.  A  standard  caadle 
on.'  meter  in  front  of  it,  lighted  up  bolh  surfaces  equally.  Th^ 
obiKTver's  ohair  wao  placeil  ai  a  distance  of  4"  directly  in  front  of 
the  apparama.  The  faujfe  of  vigion  was  limited  by  two  ttUts  in  oani- 
iMianls,  the  one  plao^^'il  near  the  observer's  eye,  and  the  other  1= 
away.  By  lhi«  means,  .listrnction  of  the  eyes  was  avoided  and  tbe 
topi  tnd  bottoms  of  the  surfaoen  to  be  observed,  where  sbadows  were 
nociWMrily  cart,  were  cut  out  from  view.  The  surfaces  were  spoken 
of  M  right,  R,  «nd  left,  h,  from  the  observer's  point  of  view. 

At  the  beginning  of  an  experiment  the  white  anrfaces  lav  in  llir 
name  pUno  and  the  incident  rays  of  light  stmek  tUein  practicallr  ai 
right  Btlglei  ;  i.  e.  the  inner  edges  of  the  surface  were  2'~  apart  ani] 
tho  OBlldi*  WM  placed  directly  in  front  of  that  partition.  I'he  angle 
.if  liieideiiw  deoreased  as  a  leaf  was  turned  back  on  its  hinge.  The 
■Hrfm'W  at  m>  time  appeared  to  be  white  but  rather  a  light  grav. 
Tin'  Piirraw*  increased  in  intensity  of  gray  inversely  with  the  angle 
,.r  in.'i.le».H'  of  the  light  rays.  There  was  only  one  light  in  the  room, 
HII.I  b>  lb«'  Above  arraiijfemonl  all  shadows  were  excluded  from  the 
miirmvpi  III  view.  The  crank  was  turned  one  revolntiou,  i.  e.  i 
dii|tivp  pfr  MriHtiid. 
Tlti>  uplMi'iil""'  W"  '""I  constructed  for  very  accurate  photometric 
llvMlPlltn.    but    for   oomparative    measurements  it  serves   very 


«.<)! 


M,.||iod  of  experimenting  and  results. 


Ill  till' lli-"l  ■t'l-iP"  "f  experiments  the  rate  of  change  was  deter- 
uilni'il  l'\  lit"  l>«'«lhig  of  »  metronome.  After  a  warning,  R  was 
tuni'd  l',l,>Bii>.' P«>IW'«>'Ih1 'inti' tl'*'  observer  found  it   darker    than 

I,.     Then  I.  wn«  lurm'tl il  I'^'  llfought  L  was  eijual  to  E,     When 

tbid  l>ad  bi'i'll  li'peHtP'l  h  few  times,  I  interspersed  chances  for 
itbisi.uiH.  That  wa»  .lone  by  simply  allowing  tinne  after  the  warning 
without  liny  inoveUH'iil  I'f  Nn>  loaves.  The  warning  consisted  hi 
saying,  "Heady,"  and  the  rrenrd  was  kept  in  seconds  marked  by  the 
metronome.  Nothing  Wft»  nftld  to  the  observer  about  the  time  of  the 
discrimination.  He  wm  rilmpty  asked  to  state  when  he  saw  one 
surface  lighter  or  dirkcr  or  both  alike.  He  could  not  see  any 
manipulations  of  the  appnriitu>.  Hit>  attention  was  concentrated  on 
watching  the  changa  of  ilic  aliadvH.     The  fact  of  darkness  and  quiet 
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in  the  room  heightened  his  expectant  attention  and  threw  him  into 
a  suggestible  state  of  mind. 

Several  persons  were  experimented  upon  by  this  method  with  the 
result  that  the  required  change  appeared  to  them  universally  from 
6  to  ]  3  sec.  after  the  signal  had  been  given,  whether  there  was  any 
real  physical  change  or  not. 

Though  the  metronome  which  was  used  in  the  first  experiments 
increased  the  force  of  the  suggestion  of  change,  it  afforded  an  ele- 
ment of  distraction,  which  was  avoided  in  the  later  experiments  by 
not  using  it.  The  reason  for  this  was  that  the  observer  could  not 
escape  paying  attention  to  the  time,  and  this  distraction  might  be  so 
strong  that  after  the  first  trial  he  would  be  in  danger  of  interpreting 
a  certain  number  of  seconds  as  so  much  change  of  shade. 

But  even  when  the  metronome  was  not  used,  the  suggestion  was 
so  effective  that  the  illusion  could  be  produced  alternately  with  the 
normal  sensation. 

In  the  following  records  S  will  denote  the  presence  of  a  physical 
stimulus  and  I  its  absence.  The  column  headed  S  in  the  table  shows 
the  number  of  degree-seconds  of  the  change,  i.  e.  the  number  of 
equal  steps  described  on  the  graduated  arc  in  an  equal  number  of 
seconds.  The  column  headed  Vindicates  the  illusions  by  giving  the 
average  time  that  it  took  them  to  arise.  This  time  may  be  compared 
with  the  time  given  in  column  S, 

Table  VIL 
Illtunons  of  photometric  changes  in  gray :  Increasing  and  decreasing  deepness  of  shade. 
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1 

MV 

11.7 

1.0 

,1 

'     12.6 

4.7 

t 

18.1 

23.0 

3.6 

13.8 

6.0 

,     17.6 

4.9 

19.7 

6.1! 

19.4 

7.9 

13.1 

4.6 

j     12.0 

2.0 

18.3 

i 

6.2 

17.0 

1 

2.9 

0,  observer. 

S{o),  number    of   degpree-secoDds 
surface  was  darkened. 
MV^  mean  variation. 


the 


i8^(25),  number  of  degree-seconds  it  was 
made  lighter, 
/(o)  and  /(25),  corresponding  illusions. 


Can  the  illusion  be  produced  in  decreasing  as  well  as  increasing 
intensity  of  shade  ?  The  question  was  answered  in  the  affirmative 
by  the  following  test  of  which  the  final  averages  of  the  results  are 


36 


C.  E.  Seashore, 


given  for  three  obfleiren  in  txble  VII.  I.  wag  l«ft  constant  u  10 
and  R  WM  moved  toward  1U  itltcniately  from  ibe  0  and  25  poinU, 
the  Dumber  of  degree-seconds  indicated  in  the  table  and  the  obaerrer 
was  to  tell  when  he  judged  thr-  two  surfaces  to  be  alike.  The  J  trials 
were  alternated  with  the  S  trials. 

In  order  to  keep  np  the  su.>;ge8tion  with  some  observers,  I  foond 
it  expedient  to  start  moving  th(?  surface  at  the  end  of  20  Beconds,  if 
the  suggestion  had  not  then  been  effective.  Hence  the  r«cordt 
higher  than  20  contain  only  partial  illusions,  and,  in  rare  casei, 
failures.  Thus,  in  table  VII,  -2;t  shows  that  there  wax  3  degree- 
seconds  of  physical  stimulus  prestni. 


T«HijB  vni. 
IlluMioM  iifphelomtlTie  changes  in  grdy  .■   Dtfcndmee  ujwn  tke  number 
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S 

UY           I 

sr       uv 

/' 

MY 
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N  =  l 
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11 

3          1        18 

16             6 
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3                 30 

12             3 

33 

II 
in 

11 

1         '         7 
1         1        9 

6              1 
9              2 
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3         \         7 

.    :  10 

1          8               2 
1.1               2 

13 
IG 

IV 

13 

1         .       19 

1        16               2 

25 

16 

1         ■       24 

1       12       !       1 

27 

Ave. 

to.i 

1.T              1B.2 

11.4    :       2.2 

,.., 

4.0 

S,  Dumber  of  trials  od  each  point.  |      Other  notatioQ  same  as  before. 

In  accordance  with  the  principle  on  which  the  apparatus  was  oon- 
Btructed,  the  deepness  of  the  shade  changed  proportionally  faster 
in  the  dark  field.  Thus,  starting  the  leaves  successively  from  0,  10 
and  20  and  moving  them  at  the  same  rate  the  change  in  shade 
would  appear  sooner  after  20  than  after  10  and  sooner  after  10  than 
after  0.  Experiments  on  this  point  show  that  the  time  for  the 
illusion  to  arise  is  proportional  to  the  rate  of  aotnaJ  change  of  shade, 
although  the  observer  does  not  know  that  there  is  any  difference 
in  the  rate  of  change. 
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The  following  method  was  used  in  determining  the  dependence  of 
the  illusion  upon  the  frequency  of  the  repetition  of  the  suggestion 
in  form  of  the  real  stimulus. 

Four  sets  of  ten  trials  each  constituted  an  experiment.  In  the 
alternate  sets  the  stimulus  was  given  nine  times  successively  and 
followed  by  an  illusion,  while  in  the  other  sets  the  stimulus  was 
presented  for  the  alternate  trials  and  withdrawn  from  the  rest. 

L  was  kept  constant  at  0  and  R  was  started  at  0  and  moved  the 
number  of  degree-seconds  indicated  in  table  YIII,  which  gives  the 
averages. 

This  shows  that : 

1.  The  required  time  and  amount  of  change  in  intensity  for  dis- 
crimination is  greater  when  the  stimulus  is  given  in  alternate  trials 
than  when  it  is  given  9  times  in  succession.  Ratio,  11.4  degree- 
seconds  to  10.1  degree-seconds. 

2.  The  time  for  the  illusion  to  arise  is  greater  when  the  illusion  is 
produced  in  alternate  trials  than  when  produced  only  once  after  9 
repetitions  of  the  stimulus.     Ratio,  18.1  seconds  to  15.2  seconds. 

I  would  not  ascribe  much  value  to  these  averages  were  it  not  that 
they  express  the  relation  which  I  find  obtains,  on  the  whole,  in 
experiments  on  each  of  the  other  senses. 

Time,  it  is  evident,  is  the  leading  element  in  this  kind  of  sugges- 
tion. By  the  following  method  I  have  secured  a  relative  measure  of 
its  influence.  The  illusory  element  in  the  method  of  the  next  two 
experiments  was  the  fact  that,  after  giving  a  regular  warning,  I  did 
not  begin  the  movement  of  the  leaf  until  after  the  number  of  seconds 
indicated  at  the  head  of  each  column. 

The  first  observer  had  100  trials  and  the  second  40,  but  only  the 
averages  of  the  respective  divisions  are  recorded  in  the  table.  The 
trials  were  so  distributed  with  alternate  /9and  Zand  a  proper  suc- 
cession in  regard  to  time  as  to  eliminate  systematic  and  progressive 
errors. 

Since  possibility  of  direct  suggestion  was  precluded  by  the  present 
method,  the  efficient  cause  in  producing  these  illusions  wa6  simply 
the  fact  that  the  observer  falsely  inferred  that  the  same  change 
which  took  place  after  the  first  signals  would  recur  after  each  suc- 
ceeding signal.  The  warning  or  signal  was  given  in  such  a  mechan- 
ical way  as  to  have  no  direct  influence  upon  the  discrimination. 

The  main  results  of  these  experiments  on  illusions  of  photometric 
changes  in  intensity  of  shade  may  be  summarized  as  follows  : 
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1.  Yisnil  illuiioDB  of  deepneis  in  shade  ckd  b«  experiroentally 
prodaced  by  secQiing  a  firm  expectant  attention  to  a  known  senM 
percept ; 

9.  Though  time  is  one  of  the  main  elements  in  a  suggestion,  th( 
illoiion  will  occur  in  the  absence  rtf  any  external  suggestion  or 
special  empbasis  of  passing  time  (i,  <.'.  the  observer  does  not  kuoT 
that  time  ia  recorded) ; 

3.  A  suggestion  of  change  from  dark  to  light  shade  is  just  u 
effective  as  the  converse ; 

4.  The  time  for  the  illusion  to  ariiu;  varies  directly  with  the  time 
for  ordinary  discrimination  ; 

5.  The  discrimination-time  .iiid  the  illusion-time  are  both  longer 
when  the  illusion  is  given  in  the  alternate  trials  than  when  it  is  only 
g^vea  once  after  a  series  of  ordinary  discriminations. 

Table  IX. 
TUmiom  o/ phobmttlric  ehanga  in  gray :  Dtpendtnce  up»n  (Ac  dumNm  oj  Ike  tUmidKt. 
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.S^  regular  itjmulus  present. 


D,  diSerence  between  Sand  A, 
I,  amount  of  Ihe  itlusloD  ezpresaed  rsla- 
A,  result  wheo  the  stimulus  '\3  delated    \ive\y  iu  degree-aecouds  of  chuige. 
with  the  number  of  seconds  indicated.  O,  observer. 

6.  The  amount  of  the  illusion  varies  directly  with  the  amotint  of 
variation  in  the  time  of  producing  the  physical  stimulus. 

lUtisiotis  0/ light. 
Apparatus. 
The  main  part  of  this  apparatus  was  constructed  for  the  purpose 
of  measuring  the  influence  of  the  rate  of  change  in  determining  the 
least  perceptible  difierence  in  intensity  of  light,  but  has  not  before 
been  described.  It  consisted  of  (1)  a  kymograph  with  attachment 
for  rotating  a  wheel  at  a  slow,  measured  rate ;  (S)  a  light  with 
lenses,  diaphragms,  shutter,  and  reflectors ;  (3)  a  stop-watch,  namely, 
the  Runne  chronometer  with  electric  start  and  stop ;  (4)  sounder 
and  telegraph  key  in  the  dark-room. 
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An  attachment  was  pat  on  the  Zimmerman  kymograph  for  rota- 
ting a  large  card-board  disk  at  adjustable,  slow  rates.  On  a  radius 
of  this  disk,  and  in  metallic  contact  with  the  frame  of  the  kymo- 
graph, an  arm  projected  with  a  platinum  point,  which  made  contact 
with  another  point  insulated  from  the  frame,  at  any  position  in  the 
revolution.  The  edge  of  the  disk  passed  between  the  two  glasses  of 
a  double  photographic  lens.  In  this  passage  a  diaphragm  was 
inserted.  It  was  20°*'"  long  on  the  inner  edge,  and  the  sides  extended 
25°""  on  the  radii  of  the  disk.  The  rotating  disk  had  an  opening 
near  the  edge,  measuring  80™™  on  the  inner  side,  with  dimensions  of 
the  radii  symmetrical  with  those  of  the  opening  in  the  diaphragm. 
The  sides  of  the  two  openings  coincided.  The  platinum  point  could 
be  so  adjusted  that  it  made  contact  when  the  upper  edge  of  the 
disk-opening  was  at  any  desired  position  in  the  diaphragm.  There 
was  another  platinum  point  which  could  be  so  adjusted  as  to  close 
contact  when  the  lower  edge  passed  any  desired  point  in  the  open- 
ing of  the  diaphragm. 

The  light  was  cut  out  from  the  lens  by  a  shutter  which  was  sup- 
ported by  magnets,  charged  from  a  dip  cell.  Closing  the  platinum 
contact  shunted  this  current  through  the  apparatus,  released  the 
magnets,  and  dropped  the  shutter.  The  falling  of  the  shutter 
opened  the  course  for  direct  rays  of  light  through  the  lens  and  at 
the  same  time  closed  a  mercury  contact,  and  thereby  started  the 
stop-watch. 

An  Argand  burner  was  placed  60°™  in  front  of  the  lens  ;  5°™  from 
this,  between  the  burner  and  the  lens,  there  was  a  white  tissue 
paper,  which  diffused  the  rays  of  light.  Two  reflecting  plates,  hav- 
ing facing  sides  coated  with  magnesium  oxide,  were  placed  on  the 
other  side  of  the  lens,  parallel  to  each  other,  at  an  angle  of  45 
degrees  to  the  rays  of  light.  The  light  thus  passed  through  the 
tissue  paper,  the  lens,  and  the  diaphragm,  and  was  reflected  by  the 
coated  surfaces.  It  was  then  seen  in  the  dark-room  through  a  cir- 
cular opening  10™™  in  diameter  in  a  black  diaphragm.  There  it 
appeared  as  a  disk  in  the  color  of  the  gas-flame.  Though  it  was  very 
clear  it  did  not  have  any  excessive  brightness. 

Telegraph  sounders  were  used  for  signals.  The  telegraph  key  in 
the  dark-room  was  so  connected  with  magnets  on  the  stop-watch 
that  the  reaction  stopped  the  watch.  Hence  the  time  between  the 
dropping  of  the  shutter  and  the  movement  of  reaction  could  be  read 
off  on  the  stop-watch  in  fifths  of  a  second. 
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The  kymograph  revolved  the  disk  so  that  the  openings  in  the 
phragm,  between  the  lenses,  was  diminished  or  increased  scoording 
as  the  lower  or  upper  edge  of  the  disk  opening  passed  throagfa  it 
The  photometric  principle  involved  was  that  the  intensity  of  the 
stimulus  changes  with  the  variation  in  the  sise  of  the  opening^. 

Methods  and  results. 

While  assisting  another  experimenter  in  tests  on  the  threshold  of 
change  as  dependent  on  the  rate,  it  became  apparent  to  me  that 
suggestion  might  play  an  important  part  in  the  ezperimeDt.  To 
determine  this  I  repeated  the  experiment  with  the  apparatas  josl 
described  and  by  the  same  methods  as  were  being  used  in  the  investi- 
gation referred  to.  I  tried  to  keep  all  conditions  similar,  bot  put 
myself  on  guard  to  discover  if  any  illusion  was  involved  in  the 
process. 

The  original  problem  was  this:  with  the  apparatus  just  as 
described,  to  find  the  dependence  of  the  time  and  accuracy  of  dis- 
crimination upon  the  rate  of  change  in  the  physical  stimulas.  The 
observer  was  to  react  as  soon  as  he  perceived  any  change  in  intensity 
of  brightness  of  the  disk.  He  knew  that  it  was  to  grow  darker  at  a 
definite  rate.* 

The  running  kymogrjiph  closed  the  lower  platinum  contact  and 
thereby  dropped  the  shutter  the  instant  the  lower  edge  of  the  open- 
ing coincided  with  the  lower  edge  in  the  opening  in  the  diaphragm. 
This  act  exposed  the  disk  to  view  at  its  greatest  intensity  of  bright- 
ness. But  the  continuous  motion  of  the  kymograph  kept  the  card- 
board disk  revolving  at  a  uniform  rate.  This  regularly  diminished 
the  opening  in  the  diaphragm,  which  caused  a  corresponding  lessen- 
ing of  the  intensity  in  the  red  disk,  making  it  grow  darker. 

The  observer  was  seated  in  the  dark  room,  and  received  warning 
by  a  sounder  6  seconds  before  the  shutter  dropped.  His  instructions 
were  :  "React as  soon  as  you  see  that  the  disk  has  become  darker 
than  it  was  at  its  first  appearance." 

It  was  not  stated  that  the  change  would  always  be  the  same,  bat 
the  observer  generally  inferred  this  when  he  saw  the  apparatus. 

In  sets  of  20  observations  each,  I  interspersed  chances  for  illusion, 
at  irregular  intervals,  by  simply  stopping  the  kymograph  just  as  the 


*  SoBiPTURB,  On  the  method  oj  regular  variation^  Am.  Jour.  Paych.,  1891  IV  67 Y. 
SoBlPTUBE,  Ueber  die  Aendej-ungsempfindlichkeit,  Zt.  Psych.  Phya.  Sinn ,   1 S94  VT 
472. 
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disk  was  exposed.  It  was  thus  kept  constant  at  full  intensity  of  bright- 
ness. These  furtive  interspersions  were  made  from  2  to  6  times  in 
the  20  trials,  and  the  observers  almost  invariably  reacted  to  these 
corresponding  expected  changes,  perfectly  confident  that  they  had 
perceived  real  changes  taking  place. 

After  the  fact  of  this  illusion  was  known,  two  persons  continued 
the  experiments  on  the  threshold,  for  which  this  apparatus  was 
originally  intended.  To  test  the  accuracy  of  the  discrimination  the 
experimenter  interspersed  chances  f(»r  illusions  as  in  the  above 
method.  These  illusions  were  never  detected  by  the  observer.  For 
the  purpose  of  the  original  problem,  the  experimenter  had  to  agree 
not  to  indulge  in  any  such  tests  because,  after  having  been  told  of 
it,  the  observer  became  suspicious  that  it  would  be  repeated,  and  was 
made  over-cautious.  This  over-cautiousness  led  him  to  wait  and 
verify  his  first  judgment,  and  that  made  the  discrimination-time 
worthless. 

Table  X. 

lUusi&ns  of  light. 

0  LS  LI  DS  DI 

13  3  5  3 

II  8  8  5  9 

III  5  6  5  4 

IV  4  6  3  5 

0,  observers.  i      DS,  disk  grew  darker  (actual  physical 

LS^  disk  grew  lighter  (actual  physical   change). 

Z>/,    disk    grew    darker    (no    physical 
change). 


change). 

Z7,    disk    grew    lighter    (no    physical 
change). 

The  record  is  kept  in  seconds.     Each  figure  is  the  average  of  five  observations. 


To  find  whether  the  illusion  could  be  obviated  in  an  experiment 
of  this  kind,  I  instructed  the  observer  to  react  as  soon  as  he  could 
tell  definitely  whether  the  disk  was  growing  lighter  or  darker. 

The  two  platinum  contacts  were  so  adjusted  that,  by  closing  the 
circuit  with  either  one,  the  disk  would  be  exposed  at  half  its  possible 
intensity.  When  the  lower  contact  was  used,  the  disk  would  con- 
tinue to  grow  darker,  and  when  the  upper  contact  was  used,  it  would 
continue  to  grow  lighter.  The  results  are  shown  in  Table  X.  In 
this  and  the  following  tables  of  this  section  the  unit  of  measurement 
is  the  amount  of  change  in  a  second  at  the  given  rate.  We  may 
again  call  thb  a  degree-second  of  change. 
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As  these  figures  indicate,  the  illusion  came  out  surprisingly  strong 
even  when  the  precaution  was  taken,  to  require  the  observer  to 
discover  the  direction  of  the  change.  Though  there  was  no  sogges- 
tion  as  to  whether  the  disk  should  grow  darker  or  lighter,  the  firm 
expectation  that  a  change  would  occur  one  way  or  the  other  proved 
a  sufficient  cause  to  call  forth  the  illusion. 

Although  these  were  bright  men  and  very  cautious,  they  exemplify 
the  very  extreme  degree  of  suggestibility  to  this  kind  of  illasion. 

For  the  present  purpose  it  was  unnecessary  to  make  exact  photo- 
metric measurements,  because  these  relative  determinations  saflice  to 
bring  out  the  laws  of  the  suggestions  at  work. 

The  apparatus  was  so  constructed  as  to  admit  of  a  great  variety 
of  graded  rates  of  change.  In  units  of  the  arbitrary  gradation, 
0.22  per  second  was  found  the  most  favorable  rate  for  effective 
suggestion.  At  this  rate,  which  is  employed  hereafter,  the  entire 
range  of  change  that  the  apparatus  permitted  was  traversed   in  16 


Table 

1  XL 

Iliusions  of  light  : 

Rate  of  change. 

I 

JI 

HI 

A. 

Rate  per  sec,     LS          LI 

DS        Dl 

LS       DG 

0.22              7             12 

7             9 

8            5 

0.33              8             13 

6           10 

7            4 

Notation  same  as  in  the  preceding  table.  Each  number  is  the  average  of  5 
observations. 

seconds.  If,  e.  g.,  twice  that  rate  was  used,  there  was  danger  of 
either  hasty,  automatic  reaction  or  inhibition  of  the  illusion.  And, 
if  the  rate  was  made  extremely  slow,  the  result  would  generally  be  a 
confusion  because  the  transition  was  so  gradual  that  it  was  difficult 
to  retain  a  distinct  memory  image  of  the  original  impression. 

Table  XI  records  the  averages  of  an  experiment  in  which  the 
illusions  with  two  different  rates  of  change  are  compared.  In  the 
first  set  the  rate  of  change  is  0.22  per  second,  and  in  the  second  set 
0.33,  i.  e.  the  latter  is  proportionally  slower.  Before  beginning  the 
experiment  the  observer  was  given  a  few  preliminary  trials — not 
more  than  ten,  and  thereupon  he  was  instructed  :  In  the  first  set, 
react  when  the  disk  grows  lighter  ;  in  the  second,  when  it  grows 
darker ;  and,  in  the  third,  when  you  can  see  whether  it  has  grown 
lighter  or  darker.  The  exceptionally  small  difference  in  time 
for  the  two  rates  is  partially  explained  by  the  fact  that  the  latter 
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set  of  observations  was  made  soon  after  the  former,  which  undoubt- 
edly served  as  a  suggestion,  shortening  the  time  in  the  other.  This 
fact  emphasizes  the  importance  of  arranging  laboratory  experiments 
in  a  proper  order  of  succession. 

To  discover  whether  the  illusion  could  be  worked  up  in  persons 
who  were  particularly  on  guard  by  expecting  an  attempt  of  illu- 
sion, I  made  the  following  test:  I  selected  two  observers  who 
knew  that  I  was  experimenting  on  illusions.  I  had  previously  tried 
them  with  a  slightly  different  method  and  failed,  but  now  nothing 
was  said  in  regard  to  what  would  take  place.  The  instructions  were, 
in  I  and  V  (Table  XII),  to  react  when  the  disk  had  become  percepti- 
bly darker ;  in  II  and  IV,  when  it  had  become  lighter  ;  and  in  III, 
when  the  observer  could  tell  whether  it  had  grown  lighter  or  darker. 

Table  XII. 
niuaions  of  light :  Development  of  the  suggestion. 


I 

II 

III 

A 

IV 

V 

0 

DS 

LS 

LS          DS 

LS           LI 

DS 

DI 

I 

12.2 

5.4 

2.3             2.6 

4.8             6.2 

6.6 

11.0 

[I 

13.2 

5.5 

9.0             2.2 

6.5             8.6 

6.0 

7.4 

The  notation  is  the  same  as  in  preceding  tables.    The  figures  are  averages  o(  ten 
trials  in  each  group. 

This  shows  how  the  suggestion  accumulates  force  by  successive 
repetitions  of  the  real  stimulus.  As  was  shown  in  other  cases,  the 
illusion  would  not  have  been  likely  to  occur  had  the  chances  for 
illusion  been  introduced  near  the  beginning.  This  is  also  shown  by 
the  long  discrimination-time  in  set  I. 

Here  we  can  trace  the  evolution  of  an  illusion.  In  I  the  observers 
were  on  their  guard,  very  suspicious,  and  did  not  react  upon  the  first 
perception  of  change.  In  II  they  grew  more  exact,  and  by  this 
time  they  began  to  convince  themselves  that  no  illusion  was  involved. 
Ill  is  an  index  to  their  reliability..  In  IV*  and  V  the  alternate  trials 
are  illusions  and  here  these  two  observers  showed  themselves  just  as 
susceptible  to  the  suggestion  as  those  who  were  not  thus  prejudiced. 

Pursuing  the  method  employed  in  the  experiments  recorded  in 
Table  IX,  similar  measurements  were  more  extensively  carried  out 
with  the  present  apparatus,  giving  the  results  of  which  the  aver- 
ages are  quoted  for  eight  observers  in  Table  XIII. 

The  observers  were  required  to  react  when  they  could  see  that 
the  disk  had   grown   brighter.     The   figures   at   the   heads   of  the 
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columns  show  how  many  seconds  the  application  of  the  stimnliu  wis 
delayed  after  the  warning.  The  omission  of  the  stimaloa  was  made 
by  stopping  the  kymograph  for  so  many  seconds,  allowing  one 
second  for  it  on  which  to  start. 

Progressive  errors  were  avoided  by  the  distribution  of  the  trials 
according  to  this  method,  one  trial  in  each  group  being  made  in 
succession  back  and  forth,  with  A  and  /  alternating.  Since  only 
two  trials  were  made  on  each  point,  the  variation  in  the  mean  results 
is  quite  large. 


Table  XIII. 

lUuatans  of  light:  Dependence  upon  the 

time  of  application  of  the  aHmuhu, 

1; 

1' 

1  1 

5  Sec. 

10 

Sec. 

16  . 

Sec. 

1             20  iSkl 

,.0 

S  MV 

A    MV     D     I 

A    MV 

D 

/         A    MV 

D 

/ 

1    A.    MY   D 

1 

1  ■ 
14.3  2.2 

13.f.'  1.5  —0.8  5.8 

21.0  1.0 

6.7 

3.3    28.6     6.6 

14.6 

0.8 

1           '        ' 
.  89.01  6.0|  14.T 

II 

6.2  1.9 

6.0  I.0I--O.2  5.2 

14.5  2.5 

8.3 

1.7    23.5     3.5 

17.3 

-2.3 

1  ]0.5|  2.5!   4.3 

III 

6.6'  1.4 

7.5  O.sl      0.9  4.1 

8.0  1.0 

1.4 

8.6    10  5     4  5 

3.9 

11.1 

!     7.0I0.0J    0.4 

IV 

6.0  2.0 

6  5   1.5',      1.5.3.6 

4.0  0.0 

— l.O 

11.0      6.5     0.5 

1.6^ 

13.6 

!     6.6  0.5i    U 

V 

9.6  2.4 

9.5   1.51—0.1   5.1 

15.5  0.5 

59 

4.1     19.0  11.0 

9.4 

5.6 

1  25.5!  0.6  15.9| 

VI 

5.0:  0.9 

6.0  0.0,      1.0  4.0 

6.5  0.5 

1.5 

8.5      6.0     0.0 

1.0 

14.0 

1     6.0' 0.0     1.0 

1    VII 

,         1 
6  0  1.4 

6.0   l.Oi      0.0,  6.0 

1 

6.0  0.5 

0.5 

9.5  ,     8.5     1.5 

2.5, 

12.5 

I     *l.b\  0.61    1.6 

iiviii 

7.0  0.9  • 

1               .  1 

7.5  0.51      0.5'  4.5 

1 

9.5  0.5 

1 

2.5 

7.5       7.0     0.0 

0.0 

15.0 

1  14.0!  6.0!    7.0; 

'        1        1 



^          -   _  -   „ 

-  _                           ...  - 

-  .      ,  , 

, 

.  .   -  -    .  .  _ 

_    .  . 

S,  regular  stimulus  present. 
Ay  stimulus  delayed  the  number  of  sec- 
onds indicated  at  the  head  of  each  section. 


D,  difference  between  S  and  A, 
I,  amount  of  the  illusion. 


The  results  of  these  eight  experiments  may  be  divided  into  two 
classes  according  to  the  general  laws  which  they  express  :  (1)  those 
in  which  the  omission  of  the  stimulus  does  not  increase  the  discrim- 
ination-time to  any  marked  degree,  namely  III,  IV,  YI,  VII,  and 
VIII ;  and  (2)  those  in  which  the  discrimination-time  was  increased 
nearly  proportionally  to  the  time  the  stimulus  was  omitted,  namely 
I,  II,  and  V. 

In  the  first  class  we  observe  that  the  time-suggestion  was  complete 
or  nearly  so.  The  observer  looked  at  the  disk  and  saw  it  g^w 
brighter  when  there  was  no  physical  change  in  the  intensity  of  its 
brightness,  in  nearly  the  same  time  as  when  there  was  an  actual 
physical  change. 


Measurements  of  illusions  and  hcUlucinations  in  normal  life.     45 

In  the  second  class,  the  illusiou  ocours  sometimes  as  in  the  first, 
but  when  it  does  not  occur  the  discrimination-time  is  shortened. 
This  shortening  may  then  be  considered  as  a  partial  illusion,  which 
is  expressed  in  column  I,  There  is  only  a  difference  of  degree 
between  the  two  classes.  All  observers  were  more  or  less  deceived. 
The  comparative  extent  of  the  illusion  can  be  seen  by  a  glance  at 
column  /  in  each  section  of  the  table. 

There  are  especially  two  reasons  why  this  colored  disk  was  so 
efficient  in  producing  the  illusions.  First,  a  memory  image  of  the 
first  intensity  had  to  be  compared  with  a  later  intensity.  A  memory 
image  of  color  is,  however,  easily  retained  as  long  as  was  here 
required.  But,  secondly,  this  was  made  difficult  by  the  gradual 
transition.  A  gradual  change  must  be  much  greater  than  an  abrupt 
one  to  be  perceived. 

Since  the  whole  range  for  change  in  intensity  of  the  light  at  the 
rate  employed  was  traversed  in  16  seconds  and  the  light  was  pre- 
sented when  it  was  at  half  intensity,  it  took  only  8  seconds  to  bring 
it  to  its  full  intensity,  where  it  remained  constant.  Hence  those 
who  required  more  than  8  seconds  for  discrimination  perceived  the 
difference  when  the  intensity  had  actually  been  constant  for  some 
time. 

Besides  the  general  fact  of  the  existence  of  the  illusion,  the  follow- 
ing four  points  have  been  established  by  this  series  of  experiments. 

1.  Suggestion,  as  a  neglected  quantity,  vitiates  a  vast  amount  of 
laboratory  experiments  on  perception  of  liminal  differences. 

2.  The  influence  of  suggestion  is  not  always  avoided  by  requiring 
the  observer  to  discriminate  between  two  stimuli,  either  of  which 
may  appear,  because  he  may  unconsciously  look  for  only  one  of 
them  or  by  some  trivial  circumstance  suggest  to  himself  that  a  par- 
ticular one  of  the  two  will  appear  ;  and  if  sufficient  time  be  allowed, 
the  illusion  may  occur  just  as  if  one  definite  stimulus  had  been 
expected. 

'3,  If  an  observer  begins  an  experiment  warned  against  illusion 
and  determined  not  to  be  deluded,  this  negative  suggestion  may  be 
overcome  by  repetition  of  the  real  stimulus,  and  the  positive  sug- 
gestion will  delude  him  as  if  he  had  been  unwarned. 

4.  Discrimination  for  liminal  differences  depends  largely  on  the 
regularity  with  which  the  physical  stimulus  is  applied  after  the 
warning.  If  the  stimulus  be  unexpectedly  delayed,  the  observer  will 
in  some  instances  perceive  smaller  objective  differences  than  ordi- 
nary, but  more  frequently  he  falls  into  an  illusion,  partial  or  total. 
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BoUiucinaHans  of  cm  olffect. 

Most  of  my  experiments  have  been  designed  to  produce  hallucina- 
tions or  illusions  of  single  qualities  or  differences  in  qualities  of 
objects.  Can  hallucinations  of  complete  objects  be  produced  in  the 
same  way?  That  they  can,  may  be  positively  inferred  from  the 
results  already  obtained,  but  I  have  made  a  simple  test  to  prove  it 
directly. 

The  object,  of  which  a  hallucination  was  to  be  produced,  was  i 
blue  bead,  spheroidal,  the  shortest  diameter  being  1.8'"'"  and  the 
longest  d.S*"*".  It  was  suspended  by  a  fine  black  silk  thread  in  front 
of  the  center  of  a  black  surface,  which  was  surrounded  by  a  white 
circular  border  whose  inside  diameter  measured  SO"*".  By  a  con- 
cealed device,  the  bead  could  be  drawn  away  and  replaced  without 
the  observer's  notice. 

The  apparatus  was  placed  on  the  wall  facing  the  door  in  the  dark 
room,  so  that  when  the  door  was  open  the  observer  could  walk  up  an 
aisle  in  front  of  the  door,  constantly  having  the  apparatus  in  line 
level  with  his  eyes.  The  experimenter  was  seated  by  a  table  in  the 
dark  room,  ostensibly  to  keep  record,  but  really  in  order  to  manipu- 
late the  appai*atus.  The  tests  were  made  during  daylight ;  to  avoid 
the  shadows  of  the  dark  room  and  secure  a  fairly  constant  li^^ht,  an 
incandescent  light  was  kept  burning  in  the  ceiling  of  that  room.  It 
was  essential  that  the  light  should  be  fairly  constant  only  daring 
one  experiment. 

A  tape  line  was  stretched  from  the  apparatus  to  a  point  6.5" 
directly  in  front  of  it.  The  method  employed  was  to  first  show  the 
observer  the  bead  in  its  position,  then  require  him  to  go  to  the  farther 
end  of  the  tape  line  and  walk  slowly  up  towards  the  apparatus  until 
he  could  first  see  the  bead  distinctly.  When  he  saw  the  bead,  he  read 
off  the  distance  from  the  a})paratus  on  the  tape  line.  I  recorded 
the  distance  while  he  went  back  to  repeat  the  trial  19  times  in  the 
same  way. 

In  the  first  ten  trials,  the  physical  conditions  were  similar  and 
he  saw  the  bead  at  different  distances  with  but  a  small  variation. 
While  he  went  back  to  start  for  the  eleventh  time,  I  pulled  a  cord 
which  slid  the  bead  behind  the  frame.  The  observer,  not  knowing 
this,  walked  up  as  usual,  and  when  he  came  to,  or  a  little  beyond,  the 
point  where  he  expected  to  see  it,  he  generally  did  see  it,  and  read 
off  the  distance  as  before.  While  he  looked  at  the  tape  line  I  slid 
the  bead  back  in  place. 
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As  a  rule,  the  eleventh,  sixteenth,  eighteenth  and  twentieth  trials 
were  made  with  the  bead  withdrawn. 

I  did  not  make  the  test  statistical  at  all,  though  it  is  simple  and 
'  well  adapted  for  examination  of  great  numbers  of  individuals  if  due 
precaution  be  taken. 

About  two-thirds  of  the  persons  I  tried  were  hallucinated.  They 
knew  when^  tohere  and  how  to  see  the  bead,  and  this  was  sufficient  to 
project  the  mental  image  into  a  realistic  vision.  This  qualitative 
result  was  all  that  I  desired  to  obtain  and  I  carried  the  experiments 
no  further. 

Hallucinations  of  sound. 

There  are  three  prominent  difficulties  that  confront  us  in  trying  to 
produce  hallucinations  of  sound  experimentally  in  normal  life.  (1) 
It  is  almost  impossible  to  separate  the  required  sound  from  other 
external  sounds  and  from  the  subjective,  or  entotic,  sounds.  (2) 
Regulating  and  measuring  the  physical  stimulus  does  not  regulate 
and  measure  the  resultant  sensation.  (3)  It  is  difficult  to  induce  a 
firm  expectation  of  the  sound  by  circumstantial  suggestion. 

The  immediately  following  tests  were  of  a  precursory  nature,  and 
were  not  carried  out  with  any  scientific  thoroughness,  but  some  of 
the  general  observations  may  be  of  interest. 

A.     Preliminary  tests. 

1.  The  graphic  method  of  recording*  was  used,  and  the  observer 
occupied  the  dark  room.  After  a  regular  warning  (one  tap  on  an 
electric  bell)  faint  clicks  were  given  on  a  telegraph  sounder  placed 
on  a  table  by  which  the  observer  was  seated.  There  was  no  strong 
resemblance  between  these  clicks  and  the  sound  of  the  bell.  The 
warning  was  repeated  every  six  seconds,  and  three  clicks  were  given 
in  rapid  succession  two  seconds  after  the  warning.  The  suggestion, 
induced  by  experience,  was  that  these  sounds  would  recur  regularly 
in  the  same  order.  When,  however,  the  experimenter  caused  an 
exception  to  this  order,  by  occasionally  not  giving  the  clicks  after 
the  warning,  the  sound  of  the  warning  frequently  directed  expectant 
attention  so  strongly  to  the  sequel,  that  the  observer  thought  he 
heard  the  clicks  also. 


*  Bliss,  Investigations  in  reaction-time  and  attention^  Stud.  Yale  Psych.  Lab.,  1892- 
1893  I  1. 


48  (7.  K  Seashorej 

The  time  between  the  warning  and  the  stimnliui  waa  made  as  kng 
as  two  seconds  to  avoid  the  probability  of  automatic  reaction. 

The  clicks  from  the  sounder  were  too  unfamiliar  and  strange,  anl 
hence  difScnlt  to  reproduce.  They  had  to  be  made  so  faint  that  tk 
observer  did  not  feel  certain  about  his  discriminations. 

2.  Instead  of  this  stimulus  I  tried  the  efficiency  of  a  click  [ho* 
duced  in  a  telephone  by  closing  the  circuit.  This  had  the  mm 
difficulty,  and  the  additional  disadvantage  of  being  definitely  located 
in  the  diaphragm  of  the  telephone. 

3.  The  effect  of  a  constant  sound  from  a  tuning  fork  was  thei 
tried.  A  250  v.  d.  fork  was  kept  vibrating  before  a  telephone  in  s 
distant  room,  and  by  means  of  resistance,  the  sound  received  at  the 
telephone  in  the  dark  room  could  be  so  adjusted  that,  allowing  for 
all  fluctuations,  it  would  still  be  decidedly  above  the  threshold  of 
perception. 

The  observer  was  required  to  tap  a  key  at  a  convenient  rate,  in 
circuit  with  the  recording  drum,  as  long  as  he  heard  the  sound.  It 
is  a  normal  experience  that  sounds  or  tones  of  this  character  are 
readily  reproduced  as  hallucinations,  but  for  experimental  porpoaet 
I  could  not  get  a  suggestion  definite  enough. 

Instead  of  inducing  a  conviction  that  the  sound  was  continaous, 
the  very  fact  that  the  observer  was  asked  to  react  as  lon^  as  he 
heard  the  sound  intimated  that  there  would  be  an  intermptioD. 
Notwithstanding  this  vagueness,  several  observers  were  so  strongly 
hallucinated,  that  when  the  stimulus  was  withdrawn,  they  still  kept 
on  reacting  until  stopped.  The  8timulus  had  been  applied  long 
enough  to  produce  a  definite  sensory  image  of  the  sound ;  when  the 
stimulus  was  withdrawn  an  after-image  of  it  persisted  for  a  moment^ 
then  the  hallucinatory  sensation  persisted  the  better,  because  there 
was  no  contrasting  sound  to  disturb  or  rectify  it. 

4.  In  order  that  an  assurance  of  the  continuity  of  the  sound  ahonld 
be  resolutely  induced  by  auto-suggestion,  I  next  tried  the  tick  of  a 
clock  for  stimulus.  The  sound  was  transmitted  from  the  clock  to 
the  dark  room  by  the  Blake  transmitter  with  telephone  connections 
in  which  an  open-circuit  key  was  inserted.  The  intensity  of  the 
sound  was  regulated  by  resistance  so  as  to  be  above  the  threshold  of 
distinct  perception  when  the  observer's  attention  was  at  its  lowest 
point  while  he  was  listening. 

The  advantage  of  this  stimulus  was  that  the  tick  of  a  clock  is 
familiar  and  a  memory  image  of  it  is  easily  retained.     It  was  reg- 
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-•  ular,  definite  and  continuous.     The  observer  knew  I  was  recording 

-^  his  reaction,  but  he  did  not  know  how  or  why. 

■a^      Without  the  use  of  any  warning,  he  was  asked  to  give  four  sets  of 

s  reactions,  namely :  (1)  every  second  tick,  (the  clock  ticked  80  times 

per  second)  ;    (2)  every  fourth  tick  ;    (3)  every  fifth  tick  ;    (4)  every 

^  tenth  tick.     By  these  reactions  the  beats  would   be   grouped  with 

s"  accent  as  in  musical  time.  The  observer  would  fairly  throw  himself 
upon  the  rhythmic  movement,  and,  as  he  surrendered  himself  to  it, 
a  constant  inhibiting  effort  had  to  be  exerted  in  order  to  keep  the 
reaction  from  anticipating  the  tick  and  gradually  accelerating  the 
rate. 

It  has  been  observed  by  Mi&nstbebeeg*  that  a  brief  interruption 
in  a  stimulus  of  this  kind  will  be  bridged  over.  The  same  principle 
was  involved  in  the  experiments  of  Uebantschitsch',  N.  Lange*, 
EcKENER*,  Pace*,  Maebe*,  and  others  who  studied  the  fluctuation  of 
attention  to  liminal  sensations. 

Frequently,  in  my  experiments,  from  1  to  10  ticks  could  be 
omitted  and  the  observer  would  bridge  it  over.  But,  what  is  more 
remarkable,  the  hallucinatory  sensations  would  sometimes  rule  out 
the  sensation  directly  caused  by  the  stimulus,  so  that  the  observer 
would  e.  g.  react  for  16  ticks  while  in  reality  only  12  were  produced 
in  that  time. 

Such  hallucinations  may  be  due  to  the  tendency  in  an  observer  to 
accelerate  any  rythmic  movement  as  it  progresses. 

5.  The  next  apparatus  was  constructed  so  as  to  produce  a  given 
sound  at  regular  intervals.  Two  contacts  on  the  kymograph  were  so 
connected  with  magnets  on  a  stop-watch  that  when  the  first  contact 
was  made  one  magnetic  armature  was  drawn,  closing  the  circuit 
which  included   an  isolated  250  v.  d.  tuning  fork  and  the  primary 


^  MiJNSTERBERO,  Schwankutigen  der  Aufmerksamktity  Beitr.  zur  exp.  Psych.,  Vol.  I, 
No.  2  p.  69. 

*  Urbantschitsch,  Zur  Lehre  von  der  SchaUempfindung^  Archiv  f.  d.  ges.  Physiol. 
(Pfluger),  1881  XXIV  574;  Ueber  stdjectiven  Schwankungen  der  Intensitdt  akttstischer 
Empfindungen,   Archiv  £.  d.  ges  PhysioL  (Pfluger),  1882  XXVII  436. 

^  Lanoe,  Beitrdge  zur  Theorie  der  ainnlichen  Aufmerksamkeii  und  der  activen  Apper* 
ceptioit,  Phil.  Stud.,  1888  IV  390. 

*  EcKENER,  Untersuchungen  uber  die  Schwankungen  der  Auffassung  minimaler 
Sinnesrtize,  Phil.  Stud.  1893  VIII  343. 

^  Pace,  Zur  FVage  der  Schwankungen  der  Aufmerksamkeii  nach  Versuchen  mil  der 
Massonschen  Scheibe,  Phil.  Stud.,  1893  VIII  388. 

*  Marbe,  Die  Schwankungen  der  Gesichtsempfindungen^  Phil.  Stud.,  1893  VIII  615. 
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coil  of  an  inductoriam  ;  and  when  the  second  contact  was  made  the 
other  armature  was  drawn,  breaking  the  circuit.  The  secondary 
current  from  the  inductorium  completed  a  circuit  through  telephones 
in  the  dark  room. 

The  kymograph  was  run  at  the  rate  of  one  revolution  in  ten 
seconds,  and  the  contact  points  were  opposite  each  other ;  hence,  the 
sound  was  sent  through  for  five  seconds  and  then  interrupted  for 
five  seconds.  In  this  way  a  uniform  alternation  could  be  continued 
indefinitely  by  keeping  the  kymograph  wound  at  a  constant  tension. 

The  closing  of  the  circuit,  which  produced  the  stimulus,  started  the 
stop-watch,  and  the  observer's  reaction  stopped  it.  The  time  and 
regularity  of  the  reaction  were  determined  by  the  indications  of  the 
watch. 

Two  telephones  were  similarly  connected  in  the  same  circuit  and 
held  one  to  each  ear.  When  they  were  similarly  adjusted,  the  sound 
was  localized  at  the  root  of  the  tongue  in  the  median  plane  of  the 
head  ;  and,  according  as  one  was  pressed  relatively  closer  to  the  ear, 
the  sound  was  localized  to  that  side.  But  the  contact  of  the  tele- 
phones with  the  ear  caused  a  disturbance,  and  it  was  difficult  to 
adjust  the  two  alike.  Therefore  the  two  telephones  were  perma- 
nently fixed  facing  each  other,  150^™  apart,  in  such  a  position  that 
when  the  observer  was  seated  his  head  would  be  midway  between 
the  two.  The  advantage  of  this  was  that  the  sound  seemed  to  fill 
the  room  and  could  not  be  definitely  localized. 

The  aim  of  the  experiment  was  to  produce  hallucinations  of  this 
sound  by  repeating  it  until  the  observer  had  taken  up  the  rhythm 
and  acquired  a  clear  mental  image  of  its  character. 

The  observer  was  required  to  react  every  time  the  sound  recurred. 
After  he  had  continued  to  do  this  regularly  a  short  while,  the  sound 
was  occasionally  cut  out  by  means  of  a  switch.  If  a  hallucination 
had  been  aroused,  the  observer  would  continue  to  react,  as  was  fre- 
quently the  case,  for  over  a  minute,  when  there  was  no  stimulus 
present. 

'  But  here  again  the  very  suggestion  raised  a  doubt  in  the  mind  of 
some  observers  ;  and,  by  actual  experiment,  I  found  that  the  discrim- 
ination for  sound  is  finer  when  the  sound  is  interrupted  at  intervals, 
as  here,  than  when  it  is  continuous.  Therefore  this  method  was 
also  abandoned  after  some  trials,  and  the  real  experiments  I  care- 
fully carried  out  were  made  by  the  apparatus  and  method  now  to  be 
described. 
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B.     Main  experiments  on  aaditory  hallucinations. 

The  apparatus  for  this  series  of  experiments  was  so  constructed 
as  to  produce  a  sound  whose  quality  was  constant,  and  whose  inten- 
sity could  be  varied  at  a  desired  rate. 

A  250  V.  d.  tuning  fork,  in  an  insulated  box,  was  kept  vibrating  in 
the  primary  circuit  of  an  inductorium.  The  induced  current  was 
completed  through  a  telephone  circuit  in  the  dark  room  and  could 
be  broken  by  a  switch.  The  telephone  was  fastened  near  the  ceiling 
in  such  a  position  that  it  was  16^^  back  of,  and  150*""  above,  the  ears 
of  the  seated  observer.  This  secured  the  same  effect  as  the  two 
telephones  in  the  preceding  arrangement,  and  the  sound  seemed  to 
be  distributed  throughout  the  room.  The  quality  of  the  sound  was 
not  a  tone,  but  rather  a  distinct  buzz,  the  result  of  the  interrupted 
current.  Telegraph  sounders  were  used  for  signals,  one  in  the  dark 
room  and  one  in  the  experimenter's  room. 

The  method  pursued  can  be  best  understood  by  examining  the 
collective  records  in  Table  XIV  with  the  following  explanation  in 
mind. 

The  observer  occupied  the  dark  and  quiet  room  (a  room  with 
double  padded  walls  supported  on  rubber  disks  so  as  to  exclude  sight 
and  sound  disturbances).^  After  I  had  given  him  a  trial  signal  and 
produced  the  stimulus  for  his  recognition,  the  instructions  were 
essentially  :  "The  signal  means,  Listen ;  every  time  you  receive  it, 
listen  attentively  until  you  hear  the  sound,  and  when  you  first 
perceive  the  stimulus,  react.  That  reaction  will  indicate  the 
threshold  for  your  perception  of  sound." 

The  intensity  of  the  sound  was  regulated  by  means  of  the  induc- 
torium. When  the  secondary  overlapped  the  primary  coil  the 
indicator  pointed  to  zero,  and  the  sound  was  at  its  greatest  intensity. 
As  the  secondary  coil  was  moved  back  from  the  primary,  the 
intensity  of  the  sound  decreased  in  a  ratio  favorable  to  the  relative 
measure  required.  The  figures  in  the  record  give  the  number  of  cm. 
by  which  the  coils  were  separated.  This  is  made  the  arbitrary 
measure  of  the  phy»ical  stimulus. 

At  the  moment  the  signal  was  given,  the  secondar}^  coil  was 
started  so  far  down  the  scale  that  the  sound  produced  would  be 
below  the  threshold  of  perception,  and  then  moved  toward  zero  at 


^  Bliss,  Invesiigationa  in  reacttori'time  and  attention^  QtuA,  Yale  Psych.  Lab.,   1892- 
1893  I  2. 
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the  regular  rate  of  0.5®"  per  second.  Thus  if  the  starting  point  wii 
25^™,  and  the  point  when  the  reaction  occurred  2U<'™,  it  required  10 
seconds  to  reach  the  threshold. 

When  the  stimulus  had  been  given  about  ten  suooessive  timet, 
approximately  once  in  20  seconds,  [  continued  to  give  the  signal 
regularly,  but  occasionally  cut  out  the  sound  with  the  switch  before 

Table  XIV. 
Halhtcinationa  of  sound. 
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0,  observers. 

P,  point  on  the  scale  of  the  inductorium 
at  which  the  indicator  was  started. 

S,  point  at  which  the  stimulus  was 
perceived. 

MV^  mean  variation. 
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NS^  number  of  trials  in  S. 

11,  point  at  wliich  the  hallucination 
realized. 
A7/,  number  of  hallucinations  in  M, 
F,  number  of  failures  to  realise  the  hal- 

lucination  in  the  limited  time. 


the  signal  was  given.  I  moved  the  indicator  up  the  scale  at  the 
same  rate  as  before,  in  order  to  get  an  expression  for  the  time- 
relation  of  the  hallucination,  which  could  be  interpreted  in  terms  of 
the  rest  of  the  record. 
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Table  XIV  contains  the  record  of  the  experiments  on  19  persons, 
quoted  in  the  order  the  tests  were  made  ;  negative  as  well  as  positive 
results.  It  is  not  merely  a  statistical  fragment,  but  is  intended  to 
give  the  reader  an  opportunity  to  trace  the  actual  procedure  and 
experience  in  a  test  of  this  kind. 

To  explain  the  table,  25  at  the  head  of  column  P  in  the  record  of 
observer  I  means  that  the  secondary  coil  was  started  25^™  down  the 
scale  from  the  primary  coil  every  time  the  signal  was  given.  20.8  in 
column  S  indicates  (1)  the  relative  intensity  of  the  sound  when  first 
heard,  and  (2)  the  time  required  for  the  stimulus  to  rise  to  this 
intensity  after  the  signal.  The  higher  the  number,  the  weaker  the 
sound  it  represents,  and  vice  versa. 

We  may  designate  the  movement  of  the  secondary  coil,  0.5^™  per 
second,  as  an  increase  of  one  degree-second  in  the  intensity  of  the 
stimulus.  Thus,  on  the  average,  observer  I  perceived  the  sound 
after  an  increase  of  8.4  degree-seconds  from  the  starting  point ; 
observer  II,  10.8  degree-seconds,  etc.  No  sound  was  produced  physi- 
cally, still  observer  I  heard  it  22  sec.  after  the  signal.  2  in  column 
F  means  that  in  that  experiment  the  physical  stimulus  was  omitted 
twice,  but  no  hallucination  was  produced  in  the  time  allowed, 
namely,  30  sec.  When  no  hallucination  had  arisen  at  that  time,  the 
stimulus  was  applied  with  such  an  intensity  that  it  could  at  once  be 
perceived  in  order  to  keep  up  the  suggestion,  and  such  trials  were 
properly  recorded  as  failures. 

After  each  experiment  it  was  ascertained  whether  the  observer  had 
been  warned  by  any  person  or  circumstances  in  any  way  to  affect 
his  judgment.  It  was  found  that  nearly  all  those  who  gave  negative 
results  had  been  cautioned  in  some  way  to  be  suspicious,  but  this 
distinction  between  those  who  were  warned  and  those  who  were 
not  warned  cannot  be  sharply  drawn. 

The  psychological  laboratory  is  something  comparatively  new  to 
everybody.  Persons  come  in  there  to  see  new  things  and  are 
prepared  for  surprises,  if  that  be  possible.  Since  I  did  not  tell  any 
person  that  such  and  such  a  sound  will  recur  so  many  times  at  such 
and  such  a  rate,  but  left  him  to  work  up  the  auto-suggestion  for 
himself,  it  may  be  reasonably  supposed  that  every  observer  was  in 
some  degree  sceptical  as  to  the  outcome  of  an  experiment.  The 
extent  of  this  sceptical  reserve  very  largely  determined  the  degree 
of  success  in  the  experiment. 

To  shut  a  person  up  in  a  dark  room  is  to  intimate  that  he  should 
pay  attention  to  sounds.     Then  the  associations  with  the  signal  tune 
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ap  the  BensoriaiD  to  such  a.  icusiou  that  ihe  expenetic^?  of  previou 
sensatioDS  is  vividly  imaged  and  the  observer,  a»  it  wt-re,  fw}*  imi 
pictareB  the  atimulne  approauliiiig  tin-  tlireBhotd,  just  a»  a  badt-r  f«l> 
and  sees  the  ball  approaching  him  after  it  has  left  the  hnnd  of  tti< 
pitcher.  For,  by  the  metbud  eriiiilnyei],  a  strong-  asuociaiiun  waxel 
up  between  the  expected  souiid  and  the  spatial  and  tenipor&i 
environioent. 

From  this  point  of  view,  we  m»y  trace  in  the  positive  and  negt- 
live  aspects  of  the  resalts  two  co-ordiniite  elements  ;  tirst  the  defne 
of  expectation,  and  second  the  [wwer  of  vivid  ima^nation,  I  an 
confident  that  if  it  were  required  to  sekct  a  number  of  pereona  who 
coald  be  systematically  halluciiisted  accordiug  to  t)ie  prescnl 
method,  it  could  be  done  by  means  of  a  careful  preliminary  exami- 
nation of  them  in  these  two  respects. 

The  measure  here  is  only  relative  and  arbitrarily  chosen,  depending 
upon  the  law  of  increase  in  iiitenijity  of  an  induced  current,  but  it 
serves  the  purpose  quite  as  well  as  if  the  physical  measurements  were 
absolute.  The  threshold  is  never  the  same  for  diifereiit  individuali, 
nor  is  it  constant  for  the  same  individual  at  different  times.  Ths 
aim  in  view  here  was  to  produce  a  halluciuatJoD  oF  a  sound  such  that 
the  observer  could  say  positively,  "  /  h^ar  rt."  The  intensitv  of 
such  a  sound  was  determined  by  the  delicacy  of  the  observer's  audi- 
tory apparatus  and  his  accuracy  of  discrimination. 

Of  the  60  attempts  to  hallucinate,  34  were  successful  and  S6 
unsuccessful,  within  the  time-limit  allowed.  This  is  a  large  proportion 
of  affirmative  answers,  when  we  consider  that  those  who  were  fore- 
warned are  included. 

After  the  hallucination  once  is  started  it  is  easy  to  continue  it,  and 
each  successive  hallucination  contributes  toward  the  huildin^  up  of 
a  firm  expectation,  just  as  the  repetition  of  the  real  stimulus  does. 

Thus,  if  there  are  three  successful  hallucinations  and  no  failure  in 
the  first  20  trials,  it  is  very  probable  that  with  such  an  accumulation 
of  positive  associations  the  experiment  might  with  most  observers  be 
successfully  continued  through  a  series  of  trials  without  any 
Stimulus.  I  made  several  trials  on  that  point  in  addition  to  those 
recorded  in  Table  XIV.  As  a  rule,  the  hallucination  would  he  kept  ap 
as  long  as  the  observer  couJd  continue  unabated  attention  to  it,  and 
it  would  be  rectified  as  attentioil  slackened  from  fatigue.  But  for 
some  observers  the  hallucination  would  continue  indefinitely  ;  i.  e. 
so  far  as  my  experiments  went,  for  when  they  had  been  hallucinated 
in  20  or  25  snccessive  trials,  the  experiment  bad  to  be  discontinued 
on  account  of  fatigue. 


Measurements  of  illusions  and  haUucinations  in  normal  life.     56 

These  experiments  forcibly  show  the  difficulty  of  exact  measure- 
ment of  mental  activities  and  the  danger  of  getting  false  results  even 
from  the  most  faithful  observer.  Had  all  these  results  been  positive, 
it  would  have  pointed  to  a  despairing  state  of  affairs  with  regard 
to  our  ordinary  reliance  upon  the  senses.  The  experimental  psy- 
chologist will  recognize  in  the  method  here  used  (excepting  the 
omission  of  the  stimulus)  a  familiar  type  of  experiment  on  discrimi- 
nation, which  is  generally  taken  in  good  faith.  These  tests  prove  it 
absolutely  unreliable ;  one  little  circumstance  may  determine  what 
the  observer  shall  hear  or  not  hear  without  regard  to  the  physical 
stimulus. 

To  determine  the  effect  of  repetition,  I  made  the  above  experiment 
with  one  reliable  observer,  under  similar  circumstances,  at  ten  differ- 
ent times.  Each  experiment  consisted  of  twenty  trials  in  which  the 
stimulus  was  regularly  applied  in  the  first  ten  and  omitted  three  or 
four  times  in  the  last  ten  trials. 

These  ten  records  show  :  (1)  He  discriminates  for  lower  inten- 
sities in  the  latter  part  of  each  experiment.  (2)  Similarly  he 
discriminates  for  lower  intensities  in  the  last  than  in  the  first 
experiments.  (3)  The  hallucination  is  successfully  produced  in  all 
but  one  of  the  thirty-seven  trials.  (4)  The  average  reaction  time  to 
the  hallucination  is  slightly  longer  than  the  reaction  time  to  the  real 
stimulus. 

That  the  reaction   time  is  shorter  as  the  experiment  progresses, 
may  be  partially  accounted  for  by  the  fact  that  time  is  more  and    . 
more  over-estimated  during  a  continuous  strain  of  attention. 

Using  these  ten  experiments  as  a  suggestion,  I  made  a  final 
experiment  of  twenty  trials  in  which  the  stimulus  was  never  applied. 
In  each  trial  the  observer  signalled  that  he  heard  the  sound,  and 
after  the  experiment  was  over  he  was  very  confident  that  he  had 
perceived  the  sound  distinctly. 

Beyond  the  details  discussed,  these  experiments  on  hallucinations 
of  sound  have  demonstrated  two  points  : 

1.  Hallucinations  of  sound  distinctly  above  the  threshold  can  be 
produced  experimentally  in  normal  life  by  leading  the  observer  to 
concentrate  expectant  attention  upon  the  desired  result. 

2.  Experiments  to  determine  the  threshold  for  perception  of 
sound  cannot  be  continued  through  a  series  of  repeated  trials,  with- 
out being  vitiated  by  the  suggestion  due  to  the  accumulating 
associations. 
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HaUueinations  of  touchy  taste,  ameU  and  eUeirie  9iifnulaiian. 

These  tests  are  ^onped  together  because  they  are  of  a  mdimentaiy 
nature  and  depend  to  a  great  extent  upon  the  same  prmoipkL 
There  were  three  main  points  in  the  aim  of  the  method  :  (1)  Aal 
the  observer  should  clearly  recognize  the  sensation  to  be  prodaoed ; 
(2)  that  by  repetition  it  should  become  familiar  and  definitely  asso- 
ciated with  its  cause  ;  (3)  that  the  observer  should  be  led  to  watek 
expectantly  for  it  in  the  accustomed  time  and  manner. 

Touch. 

I  will  mention  in  a  cursory  manner  the  methods  by  which  I  8ao> 
ceeded  to  produce  hallucinations  of  touch.  Pithballs  were  used  for 
stimuli  The  size  and  weight  had  to  be  adapted  to  the  cutaneoiis 
sensibility  of  each  individual,  as  well  as  to  the  place  choaen  for 
stimulation.  I  did  not  attempt  any  definite  measurement  of  the 
size,  weight  or  momentum  of  the  impinging  disk,  but  was  satisfied 
when  the  force  of  the  stimulus  was  such  that  the  observer  could  say 
that  he  distinctly  felt  the  sensations  produced. 

According  to  the  first  method,  the  instructions  were,  "  Say  *  There ' 
every  time  I  touch  you  with  the  pithball  at  this  point "  (e.  g.  the 
knuckle  of  the  middle  finger  where  there  are  no  hairs). 

The  regular  stimulus  was  then  given  six  or  eight  times  to  boild 
up  the  suggestion.  After  that  it  was  occasionally  omitted,  i.  e. 
according  to  the  accustomed  rate  at  which  it  was  expected.  The 
observer  was  seated  behind  a  screen,  and  the  experiment  was  tried 
with  and  without  warning.  When  no  warning  was  used,  the  first 
stimuli  were  given  at  a  constant  rate,  about  once  in  five  seconds. 

Some  of  the  observers  presented  the  ludicrous  spectacle  of  sitting 
behind  the  screen,  actually  feeling  the  sensation  and  confidently 
repeating,  "There,  there,  there,"  etc.,  for  an  indefinite  time  after 
the  apparatus  used  for  stimulus  had  been  laid  aside. 

When  the  warning,  "  Now  ",  was  used  the  stimulus  was  applied  at 
irregular  intervals.  In  this  case  time  was  no  object  in  the  reaction, 
hence  the  observer  was  not  rushed  to  give  a  hasty  judgment.  Yet 
in  about  three-fourths  of  the  cases,  the  mere  warning  was  sufficient 
to  produce  the  sensation  of  touch. 

In  a  variation  of  this  method,  the  observer  was  instructed  to  tell 
tohen  he  was  touched  after  each  warning.  The  place  of  stimulation 
was  limited  to  the  back  of  the  right  hand  and  wrist.     I  would 
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actually  touch  him  about  ten  times  and  then  continne  to  give  the 
warning  without  touching  him.  More  than  half  of  the  observers 
were  able  to  point  out  the  place  where  they  felt  the  hallucinatory 
sensationH.  That  these  sensations  were  above  the  threshold  is 
shown  by  the  fact  that  when  the  stimulus  was  present  the  observers 
could  localize  it  correctly,  and  on  inquiry  it  was  found  that  the 
hallucinatory  sensations  sometimes  appeared  to  be  more  distinct 
than  the  regular  sensations. 

The  suggestion  was  increased  by  attaching  the  pithball  to  the 
pendulum  of  a  metronome,  by  means  of  a  cocoon  fibre,  so  that  every 
time  the  metronome  ticked,  when  the  pendulum  was  on  one  side, 
the  ball  would  drop  on  the  hand  of  the  observer.  When  it  had 
touched  about  ten  times  I  caught  the  ball  so  that  it  did  not  touch 
the  observer,  though  the  metronome  continued  to  tick  as  usual. 

The  association  of  the  touch  with  the  beat  of  the  metronome 
strengthened  the  suggestion  and  made  the  results  more  definite  and 
almost  universally  positive.  The  remarks  ''  distinct ",  "  very  dis- 
tinct ",  etc.,  about  the  hallucinatory  sensation  were  frequent. 

The  most  successful  suggestion  produced  by  associating  the  touch 
with  a  sound  was,  perhaps,  the  following  : 

The  fibre  on  which  the  pithballs  were  suspended  was  attached  to 
a  special  lever  on  the  stop-watch,  in  such  a  manner  that  when  the 
experimenter  moved  the  lever,  it  simultaneously  started  the  watch, 
and  dropped  the  pithball.  The  observer's  hand  was  comfortably 
adjusted  in  a  fixed  position  with  the  palm  up.  He  sat  behind  a 
screen  and  could  stop  the  watch  by  his  reaction  on  a  key.  The  tick 
of  the  watch  was  so  loud  that  he  could  hear  it  by  paying  attention. 

In  the  first  ten  trials  he  had  learned  that  the  watch  began  to  tick 
just  as  he  felt  the  ball  touch,  and  suggested  to  himself  that  this 
association  was  permanent.  Hence,  when  after  the  tenth  trial  the 
ball  was  removed,  he  argued  that  every  time  he  heard  the  tick  of 
the  watch  again  the  touch  would  recur  with  it,  and  it  actually  did,  so 
far  as  most  of  the  observers'  sensations  were  concerned. 

Taste. 

An  electrical  stimulus  was  used  in  the  first  test  on  hallucinations 
of  taste.  The  intensity  of  the  induced  current  was  regulated  by 
means  of  changing  the  distance  between  the  two  coils  of  an  ordinary 
inductorium.  One  of  the  electrodes  was  furnished  with  a  platinum 
sheet  8™°^  square,  which   the  observer  applied   to   the   tip   of  his 
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tongae,  holding  the  other  in  his  hand*  The  obsenrer  was  asked  to 
react  when  he  could  perceive  the  acid  taste  of  the  current.  He 
stood  by  the  apparatus  and  saw  me  start  the  secondary  coil  at  such 
a  point,  that,  when  moving  it  at  a  regular  rate  toward  the  priaiary 
coil,  the  threshold  for  perception  of  the  current  would  be  reached  in 
about  ten  seconds. 

This  was  repeated  ten  times,  but  the  eleventh  and  following  trials 
I  cut  out  the  current  with  a  secret  switch.  The  observer  had  by 
this  time  associated  the  cause  with  the  effect^  and  elaborated  the 
image  of  the  sensation  so  thoroughly  that  he  generally  tasted  the 
current  in  the  expected  time  and  manner. 

Gustatory  hallucinations  were  also  produced  by  associations  with 
liquid  stimulation.     The  test  is  rude  but  it  illustrates  a  principle. 

Of  six  bottles,  two  contained  pure  water,  and  the  other  four  a 
series  of  solutions  of  pure  cane  sugar  ;  the  first  ^^,  the  second  1^, 
the  third  2^  and  the  fourth  4^  sugar,  according  to  weight.  A 
block  was  casually  placed  in  front  of  them,  so  that  the  observer 
could  not  see  them  although  he  was  aware  that  they  stood  near  by 
him,  because  he  saw  them  when  he  received  his  instructions.  It 
was  required  of  him  to  tell  how  weak  a  solution  of  sugar  he  could 
positively  detect.  I  took  a  glass  dropper  and  deposited  a  few  drops 
on  his  tongue,  drawing  first  from  the  two  water  bottles,  and  then 
from  the  sugar  solutions,  in  order  of  increasing  strength.  The  sugar 
was  detected  in  the^^  or  \^  solution  the  first  trial.  Proposing  to 
repeat  the  test,  I  proceeded  as  before,  but  drew  from  the  first  water 
bottle  every  time.  The  result  was  that  when  the  pure  water  had 
been  "tasted"  from  two  to  ten  times  the  observer  almost  without 
exception  detected  sugar. 

It  was  not  a  persistence  of  the  taste  from  the  first  trial,  because  in 
each  repeated  test  it  was  not  perceived  at  first. 

From  the  judgments  passed,  it  appeared  that,  though  the  dropper 
was  filled  from  the  same  water  every  time  after  the  first  trial,  the 
liquid  grew  sweeter  and  sweeter  to  the  observer,  until  he  could 
confidently  say  that  there  was  a  decided  taste  of  sugar. 

Smell. 

The  test  on  olfactory  hallucinations  was  conducted  similar!}-  to 
the  test  last  described. 

Twelve  bottles  containing  solutions  of  oil  of  cloves  were  arranged 
in  such  a  series  that  the  first  contained  fresh  distilled  water,  the 
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second  yinj^Tnnr  P^^^  ^^  ^^^  ^^  cloves,  the  twelfth  xfmr  P***^  ^^  ^^^  ^^ 
cloves,  and  the  intervening  ones  were  arranged  in  geometric  ratio 
according  to  strength. 

Ordinarily  the  oil  of  cloves  could  be  detected  in  some  bottle 
between  the  third  and  the  ninth  from  the  water.  I  showed  the 
observer  these  bottles  in  a  rack  and  then  asked  him  to  stand  in  the 
fresh  air  by  an  open  window  in  the  adjoining  room,  while  I  brought 
and  let  him  smell  of  the  liquid  from  one  bottle  at  a  time.  Since  he 
was  asked  to  tell  in  what  bottle  he  could  first  perceive  the  smell  of 
oil  of  cloves,  he  inferred  that  I  would  begin  with  the  weakest  solu- 
tion and  then  take  them  in  order  of  strength,  though  nothing  was 
said  to  him  about  that.  Some  time  before  the  real  experiment,  I  let 
him  smell  of  the  solutions  at  random,  so  that  he  knew  definitely 
what  to  expect,  but  in  what  he  considered  the  test,  I  brought  him 
the  loater  bottle  every  time. 

About  three-fourths  of  the  persons  experimented  upon  perceived 
the  smell  of  oil  of  cloves  from  the  pure  water  bottle  when  it  had 
been  brought  from  three  to  ten  times. 

Electrical  stimulation. 

For  this  apparatus  I  used  the  inductorium  with  the  250  v.  d. 
tuning  fork  vibrating  in  the  primary  circuit. 

The  electrodes  of  the  secondary  current  terminated  in  the  bottoms 
of  two  tumblers,  filled  with  water  and  so  adjusted  in  a  frame  that 
the  observer  could  close  the  circuit  by  putting  one  finger  of  the 
same  hand  into  each  tumbler.  The  tumblers  were  filled  with  tepid 
water  and  each  one  was  supplied  with  a  rubber  support,  which 
allowed  the  fingers  to  be  immersed  1^"  in  the  water. 

By  eight  or  ten  trials  I  first  found  the  threshold  at  which  he 
could  perceive  the  stimulus,  i.  e.  the  ordinary  tickling  sensation  pro- 
duced by  the  interrupted  current,  then  I  left  it  stationary  so  far 
above  the  threshold  that  the  current  must  necessarily  be  perceptible 
during  all  ordinary  physical  and  mental  fluctuations.  The  stop- 
watch was  so  connected  with  a  rocking  commutator  in  the  secondary 
circuit,  that  when  the  commutator  closed  the  circuit  and  thereby 
applied  the  stimulus,  it  simultaneously  started  the  stop-watch.  The 
observer  stopped  the  watch  with  his  reaction. 

He  was  seated  behind  a  screen  and  could  not  see  the  watch  and 
the  commutator,  but  could  hear  the  former  faintly.  The  instruction 
was  that  he  should  associate  the  tick  of  the  watch  with  the  electrical 
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stimulatioD.  He  was  asked  to  react  when  he  first  perceived  the 
sensation  produced  by  the  current,  after  the  warning  ''  Ready.'* 

To  limit  the  suggestion  I  made  the  interval  between  the  warning 
and  the  application  of  the  stimulus  very  irregular.  The  observer 
began  to  hear  the  tick  of  the  watch  the  same  instant  he  felt  the 
shock  from  the  stimulus.  This  was  repeated  ten  times,  and  after 
that  the  stimulus  was  occasionally  omitted  but  the  warning  given 
and  the  watch  started.  When  nothing  was  said  about  the  watch, 
the  hallucination  very  seldom  failed  to  appear,  but  when  the  observer 
was  positively  warned  not  to  let  himself  be  influenced  by  the  sound 
the  hallucinations  were  less  frequent.  When  the  watch  was  not 
used  and  the  warning  was  still  given  regularly  in  the  preparatory 
trials,  only  a  small  per  cent,  of  the  observers  were  hallucinated. 

In  this  test,  as  in  the  first  test  on  taste,  fear  or  excitement  may 
have  been  the  immediate  cause  of  the  hallucination  for  some  observ- 
ers.    In  that  respect  these  tests  are  exceptional. 

Though  I  have  cited  no  measurements  on  this  class  of  hallacina- 
tions  I  have  the  experimental  evidences,  which  might  have  been 
thrown  into  tables  here  had  it  not  been  superfluous,  after  the  reports 
on  sight  and  sound. 

Conclusions. 

From  this  series  of  experiments  the  following  conclusions  may  be 
drawn. 

1.  Hallucinatory  sensations  of  liminal  intensities  of  touch,  taste, 
smell  and  electric  shocks  may  be  experimentally  produced  in  normal 
life. 

2.  According  to  the  methods  here  employed,  these  hallucinations 
were  produced,  (1)  by  leading  the  observer  to  expect  the  respective 
sensations  at  a  certain  time  and  in  a  definite  manner;  (2)  by  associ- 
ating the  desired  sensations  with  a  warnin<:j ;  and  (3)  by  associat- 
ing them  with  simultaneous  and  continuous  stimulations  of  other 
senses. 

General  remarks  on  the  experimejits  hi  Part  Second, 

The  general  principle  here  studied  belongs  to  the  realm  of  the 
influence  of  feeling  in  perception  ;  but  this  series  of  experiments  is 
limited  to  the  influence  of  the  more  intellectual  emotions,  and  these 
are  reduced  to  a  minimum  as  in  the  process  of  deliberate^  voluntary, 
tacpectant  attention  in  normal  unexcitedy  intelligent  persons. 
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Many  faults  may  be  found  with  the  above  pieces  of  apparatus 
from  the  point  of  view  of  physics,  for  none  of  them  afford  means  of 
absolute  control  and  measurement  of  the  physical  stimulus.  I  can- 
not say  I  produced  so  loud  a  sound  or  so  strong  a  taste,  measured  in 
absolute  physical  quantities,  assuming  a  parallel  between  the  phys- 
ical stimulus  and  psychical  correlate  ;  but  the  main  desideratum  was 
to  secure  such  conditions  that  the  observer  could  say  without  hesita- 
tion, I  see,  hear,  touch,  taste,  etc. 

Since  the  method  was  a  combination  of  the  experimental  and  the 
statistical,  it  was  impossible  to  secure  trained  psychologists  as  observ- 
ers in  all  cases.  Nor  was  that  necessary,  for  if  I  obtained  observers 
with  a  good  general  power  of  discrimination  and  reliable  judgment, 
the  conditions  from  the  experimental  side  were  fairly  satisfied  ;  and, 
by  taking  a  large  number  of  persons,  the  demands  from  the  statisti- 
cal side  were  not  neglected. 

The  tests  purport  to  be  made  in  normal,  waking  life.  With  this 
condition  in  view  much  discretion  has  been  exercised  in  selecting 
such  observers  as  could  most  properly  be  spoken  of  as  normal. 
Advanced  students  (men)  would  naturally  be  considered  the  most 
reliable  observers  ;  at  the  same  time  they  were  the  most  easily 
accessible  to  me  and  readily  interested  in  the  work.  I  always  tried 
to  keep  the  observer  uninformed  as  to  the  actual  outcome  of  the 
experiment. 

All  possible  precaution  was  taken  to  secure  the  conditions  of  a 
normal  judgment.  The  observatipns  were  made  under  the  most 
favorable  physical  conditions ;  distraction  was  guarded  against ; 
automatic  reactions  were  practically  precluded  ;  and  the  case  was  in 
general  made  so  simple  that  the  important  conditions  could  be  fairly 
controlled. 

The  psychological  process  involved  in  these  experiments  is 
expressed  by  one  general  principle — suggestion. 

Suggestion  presupposes  mind  as  a  selective  agency  which  has  the 
power  of  choice  and  interpretation,  and  that  this  choice  and  manner 
of  interpretation  can  be  directed  to  a  great  extent  by  external  stim- 
uli and  central  associations. 

We  may  outline  the  characteristics  of  its  use  in  these  experiments. 
The  method  was  to  induce  expectant  attention  to  a  liminal  sensation 
by  the  presence  of  an  object  or  some  circumstance  connected  with  it, 
in  that  way  awakening  a  mental  image  which  should  realize  itself  in 
a  sensation.  The  first  step  was  to  give  the  observer  an  idea  of  what 
to  expect.     His  attention  was  called  to  the  apparatus  and  the  prin- 
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ciple  by  which  it  prodaced  or  served  as  a  stimulus,  and  an  actual 
example  of  the  character  of  the  stimulation  was  produced.  Hence 
he  acquired  an  image  of  the  given  sensation,  and  an  idea  of  the 
process  by  which  it  was  produced  and  began  to  associate  them  as 
cause  and  effect.  It  was  next  necessary  that  he  should  suggest  to 
himself  the  fact,  manner,  and  timp  of  the  recurrence  of  the  sensation. 
The  methods  were  such  that  he  would  build  up  this  suggestion  by  a 
series  of  associations  which  may  be  reduced  to  the  following  four 
classes. 

1.  The  observer  was  by  his  own  choice  and  interest  led  to  notice 
the  manipulations  of  the  apparatus  and  form  a  definite  association 
between  the  action  of  the  apparatus  (or  his  change  of  relation  to  it) 
and  the  resulting  stimulation,  so  that  he  knew  what  the  result  would 
be,  thcU  he  would  perceive  it,  and  when  he  must  expect  it,  e.  g.  in 
the  experiment  with  the  heated  wire  and  with  the  bead. 

2.  A  signal  or  warning  became  associated  with  stimulation  in 
certain  qualities  and  in  time  succession,  e.  g.  in  the  light  and  the 
sound  experiments.  The  observer  suggested  to  himself  certain 
permanent  relations  between  the  signal  and  the  sensation,  without 
having  been  told  anything  to  that  effect.  The  signal  aroused  the 
mental  image  and  in  the  absence  of  any  inhibition  it  realized  itself 
in  the  customary  time  and  manner. 

3.  When  the  apparatus  was  not  in  view  and  no  signal  was  ased, 
a  rhythmic  order  of  the  recurrence  of  the  sensation  was  sometimes 
set  up,  e.  g.  in  the  hallucinations  of  the  tick  of  the  clock  and  some 
of  the  tactual  hallucinatious.  The  physiological  tendency  toward 
rhythmic  action  and  the  mental  associations  of  regular  recurrence 
established  a  firm  auto-suggestion  upon  false  grounds. 

4.  By  synaesthesia  one  sensation  brought  forth  another  sensation. 
A  certain  stimulation  produced  not  only  the  corresponding  sensation 
but  also  associated  sensations  of  the  same  sense  or  of  entirely 
different  senses.  This  is  more  or  less  included  in  the  three  preceding 
methods,  but  it  is  particularly  involved  in  the  test  on  electric  stimu- 
lation and  some  touch  and  taste  experiments. 

Expectant  attention  is  the  unitary  principle  in  all  these  kinds  of 
suggestion.  By  it  a  lifelike  image  of  the  sensation  was  awakened 
and  the  judgment  of  the  observer  was  so  profoundly  influenced  by 
this  that  he  convinced  himself  of  the  actualitv  of  the  sensation  for 
which  no  corresponding  physical  stimulus  existed. 
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PART  THIRD. 

Some  conclusions  and  deductions. 

The  following  statements  are  deductions  that  seem  to  be  justified 
by  the  experimental  data  and  the  facts  established  by  them. 

Experimental, 

Judgments,  which  were  the  phenomena  measured  in  this  investiga- 
tion, do  not  depend  alone  on  the  particular  sensations  judged,  but 
also  on  other  sensations  and  on  interest,  imagination,  and  expecta- 
tion, in  which  feeling  predominates  ;  attention  and  motor  readiness, 
where  will  predominates  ;  and  memory,  discrimination,  and  associa- 
tion, where  thought  processes  predominate.  Many  of  the  associa- 
tions and  states  of  mental  preparedness  depend  upon  suggestions 
from  the  environment.  A  seemingly  insignificant  word,  thing,  or 
circumstance  may  determine  what  the  observer  shall  perceive  or  not 
perceive. 

The  effect  of  disappointed  expectant  attention  in  judgment  of 
weight  is  shown  in  Part  First ;  and  it  is  reasonable  to  suppose  that 
it  enters  into  other  classes  of  precepts  in  a  similar  manner.  In  Part 
Second,  the  effect  of  expectant  attention  which  frequently  realizes 
its  object  is  set  forth.  In  most  psychological  experiments  it  is  nee- 
essary  to  secure  close  attention.  It  is  well  known  that  by  inatten- 
tion an  endless  number  of  errors  occurs,  but  it  is  often  overlooked 
that  forced  attention,  which  necessarily  rises  into  expectation,  is  one 
of  the  factors  that  must  be  carefully  guarded  against  in  experiments 
on  lirainal  differences.  An  inference  which  I  consider  legitimate  in 
regard  to  all  these  results  is,  that  if  there  is  so  great  deception  in 
perception  of  small  differences,  there  is  a  corresponding  deception  in 
regard  to  details  in  perception  of  large  objects  or  groups  of  objects. 

The  experiments  in  Part  Second  demonstrate  four  different  meth- 
ods in  which  this  vitiating  effect  of  expectation  may  enter. 

1.  Attention  to  the  associations  between  a  sensation  and  a  definite 
process  of  physical  stimulation  may  cause  an  illusory  interpretation 
of  the  sensation  or  cause  the  sensation  to  occur  without  the  physio- 
logical modification  by  the  external  stimulus.  The  experiments  on 
hallucinations  of  temperature,  e.  g.  prove  that  our  interpretation  of 
liminal  sensations  is  utterly  unreliable,  when  we  attend  to  the  phys- 
ical stimulus  by  other  senses  than  the  one  stimulated.  Hence  if  we 
would  have  a  sensory  perception  true  to  that  normally  perceived 
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from  the  external  object,  special  precaution  must  be  taken  in  this 
respect. 

2.  Attention  may  rise  into  a  firm  expectation  by  means  of  a 
definite  signal.  Psychologists  have  recognized  that  when  a  mental 
image  of  a  sensation  has  been  produced  and  a  signal  given,  the  time 
of  the  perception  will  be  influenced  even  to  so  great  an  extent  that 
so-called  negative  reactions  may  occur.  The  above  experiments 
have  proved  that  the  use  of  a  signal  in  experiments  upon  liminal 
sensations  has  a  controlling  effect  upon  the  sensation  to  follow  ;  in 
view  of  these  results  it  is  necessary  to  reconsider  the  use  of  signals 
in  the  customary  way. 

3.  In  our  ordinary  physical  and  mental  activity  there  is  some 
degree  of  rhythm  or  time-order.  Even  if  we  guard  against  associa- 
tions with  apparatus  or  warning,  there  is  yet  a  trap.  If  successive 
trials  are  given  in  some  order  so  that  the  observer  can  in  any  way 
have  reason  to  expect  the  sensation  at  a  certain  time,  the  discrimina- 
tion will  be  influenced.  This  applies  even  if  it  be  required  to  dis- 
criminate between  two  definite  sensations,  either  of  which  may 
appear.  Also,  if  two  sets  of  experiments  with  a  slight  difference  in 
the  rate  of  change,  e.  g.  be  taken  immediately  after  each  other,  the 
expectation  based  upon  the  experience  in  the  first  set  will  influence 
the  perception  in  the  second  set.  Hence  the  importance  of  arrang- 
ing single  trials,  as  well  as  sets  of  experiments,  in  the  proper  order 
so  as  to  eliminate  the  effect  of  expectation. 

4.  By  virtue  of  syna^sthesia,  we  often  perceive  single  qualities  by 
two  or  more  senses.  One  sense  suggests  to  the  other  either  by  aid- 
ing in  completing  the  image,  as  sight  and  touch,  or  by  associating 
sensations  which  generally  occur  together  in  consciousness,  as  in 
combinations  of  sight  and  sound,  in  which  there  are  inferences  from 
one  to  the  other.  Therefore  it  is  important  in  laboratory  experi- 
ments to  control  the  stimulation  not  only  of  the  sense  which  is 
experimented  upon,  but  also  the  stimulations  of  those  senses  whioh 
may  in  some  way  be  associated  with  it  in  experience,  otherwise  the 
observer  may  easily  deceive  himself  by  taking  the  stimulation  of  one 
sense  for  the  stimulation  of  another  and  actually  perceive  the  latter. 
This  kind  of  suggestion  is  more  or  less  involved  in  all  the  preceding 
classes. 

Pathological, 

1.  Illusions  and  hallucinations  and  all  the  phenomena  in  which 
they  are  the  constituent  elements  (except  those  due   to   physical 


Measuretnents  of  illitsiofis  and  hallucinations  in  normal  life.     65 

pathology)  may  be  experimentally  produced  in  mild  forms  in  fairly 
normal  states,  for  the  parpose  of  studying  their  nature. 

2.  To  be  normal  is  to  have  a  firm  inhibiting  force  in  the  form  of 
discriminative  consciousness  which  checks  the  realization  of  vagaries 
of  imagination. 

3.  Experiences  in  all  forms  of  illusion  may  be  realistic.  People 
really  see  ghosts.  If  a  scientific  observer  in  the  bead  experiment 
sees  the  bead  as  real  although  there  is  no  bead,  I  do  not  think  we 
can  set  any  limit  to  what  an  excited,  imaginative  person  may  really 
see  under  circumstances  favorable  for  illusion.  Being  fully  con- 
vinced that  the  sensations  produced  by  suggestion  in  my  class  of 
observers  were,  as  a  rule,  real,  we  may  safely  infer  that  the  sug- 
gested experiences  during  hypnosis  are  as  a  rule  realistic.  Argu- 
ing by  analogy  from  the  present  experiments,  we  may  go  far  to 
explain  all  the  phenomena  which  depend  upon  sense  illusion.  The 
modern  sleight-of-hand  performer  does  not  pretend  to  do  anything 
but  delude  his  audience.  How  much  of  the  spiritualistic  seance  and 
all  the  phenomena  of  that  category  would  remain,  if  a  psychological 
analysis  of  the  illusions  were  pushed  far  enough  ?  Yet  good  men 
and  women  tell  us  those  wonderful  experiences  are  real. 

4.  Mind  acts  according  to  laws  in  normal  states,  and  abnormal 
states  are  caused  by  a  morbid  or  overstimulated  activity  of  the  same 
laws  when  some  side  of  the  regulative  activity  of  mind  is  dormant. 

5.  Greisixgeb*  assigns  the  following  causes  for  hallucinations  : 
(1)  local  disease  of  organs  of  sense,  (2)  state  of  deep  exhaustion 
either  of  mind  or  body,  (3)  morbid  emotional  states,  (4)  outward 
calm  and  stillness  between  sleep  and  waking,  and  (5)  the  action  of 
certain  poisons.  The  experiments  I  have  made  justify  the  addition 
of  another  general  source  of  illusion,  namely,  expectant  attention. 

The  different  forms  of  suggestion  in  which  this  source  of  illusion 
is  prominent,  as  determined  in  the  experiments,  corresponds  to  the 
four  kinds  of  associations  which  constituted  the  suggestion  as 
detailed  in  the  foregoing  section.  Thus,  the  association  of  a  sensa- 
tion with  the  physical  stimulus  which  is  supposed  to  produce  it  con- 
stitutes the  virtue  of  all  the  devices  which  have  been  used  to  induce 
hypnotism, — magnets,  vials,  gongs,  crystals,  fountains,  incantations, 
and  even  the  word  and  presence  of  the  hypnotizer.  They  all  serve 
the  same  purpose  and  have  the  same  virtue,  i.  e.  they  are  the  means 
by  which  the  subject  arrives  at  a  certain  degree  of  expectation  and 
conviction. 

^  Sully,  Illusions,  p.  116. 
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A  thoroagh  investigfttioD  of  the  epist«mologica)  problem  begins 
with  a  study  of  the  p§ycbologj'  of  perception,  the  simplest  form  of 
immediate  knowledge.  The  first  question  there  answered  will  nat- 
urally be,  "  To  what  extent  is  our  sense-intuition  reliable?"  This 
part  of  epistemology  should  be  treated  in  the  psydiologieal  labora- 
tory. Extended  laboratory  ezperimenta  with  a  thorough  intro- 
spective analysis  roast  pronounce  upon  the  psychological  problem  of 
sensory  illusions  and  hallucinations,  and  metaphysics  must  take  Uiii 
decision  into  account. 

The  above  results  are  of  a  very  rudimentary  character  with  ref- 
erence to  this  problem,  and  they  were  not  made  with  it  espeoially  in 
view,  but  to  me  certain  empirical  facts  have  been  mad«  prominent 
and  clear. 

Looking  first  at  the  side  which  disparages  our  oonfidenoe  in 
knowledge  of  things  as  they  really  are,  the  following  ooDsiderations 
present  themselves.  All  mental  activities  are  involved  in  common 
acts  of  perception.  The  intricate  process  involved  in  the  perception 
of  a  single  quality  was  illustrated  by  the  weight  test,  and  the  same 
line  of  observation  might  be  infinitely  extended  to  show  that  to 
become  known  to  me  the  quality  of  an  object  must  enter  and  modify 
my  stream  of  consciousness  and  adapt  itself  to  it.  In  this  complex 
process  the  data  of  sense  arc  profoundly  modified  by  central  states 
and  activities.  We  noticed  the  influence  of  one  of  these,  expectant 
attention,  in  its  twofold  character  aa  diniappointed  expectation  and 
as  realized  expectation,  when  based  upon  false  grounds.  What  we 
call  normal  perception  involves  many  illusory  influences — not  only 
those  of  physical  and  physiological  origin,  but  even  more  so  those 
due  to  the  functions  of  ideation,  memory,  and  imagination.  Indeed, 
suggestion  and  imagination  control  all  our  perception  by  the  senses. 
Very  intelligent  men  are  liable  to  embellish  and  misinterpret  their 
sense  data  even  under  circumstances  favorable  for  accurate  percep- 
tion. The  perception  of  liminal  differences  is  subject  to  so  many 
misleading  influences  that,  as  a  rule,  it  is  extremely  unreliable  ;  and 
the  cognitive  functions  act  very  imperfectly  in  giving  us  a  detailed 
representation  of  external  objects. 

But  on  the  positive  side,  confirming  us  in  the  belief  that  somehow 
we  perceive  things  as  they  are,  several  important  fads  may  be 
observed,  lllnaions  work  according  to  laws  which  may  generally  be 
determined.     As  these  become  known  we  may  gradually  learn  to 
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rule  oat  the  illusion.  The  known  physical  and  physiological  illu- 
sions do  not  necessarily  delude  us  because  we  may  make  allowance 
for  them.  Similarly,  we  may  now  make  an  approximate  allowance 
for  the  illusions  of  weight  and  for  all  other  illusions,  due  to  intel- 
lectualized  feelings,  as  they  become  recognized.  The  view  that 
illusions  and  hallucinations  do  not  act  according  to  law  is  as  wrong 
as  the  view  that  mind  in  its  normal  capacity  is  lawless.  The  more 
thoroughly  we  become  acquainted  with  the  laws  of  illusions  the 
more  accurately  will  our  sense  perceptions  fall  in  consensus. 


STUDIES  OF  FATIGUE. 

BY 

John  M.  Moobb,  Ph.D. 


Effect  of  fatigue  on  binocular  bstimats  of  drpth. 

Early  experiments. 

The  first  apparatas  consisted  of  a  board  about  1^  meters  in  length 
into  which  were  driven  two  knitting  needles  exactly  one  meter 
apart.  Between  the  needles  was  a  brass  rod,  supported  by  two 
small  blocks  of  wood,  on  which  was  a  sliding  carriage  with  a  needle 
driven  into  its  center.  A  bead  was  placed  on  each  of  the  needles. 
The  beads  were  adjusted  in  a  straight  line  and  at  the  same  hei^^ht. 
The  head  of  the  observer  was  put  into  a  support  which  kept  the 
eyes  in  line  and  at  the  same  height  with  the  beads.  He  was  told  to 
look  at  the  bead  nearest  him,  then  at  the  next,  and  then  at  the  last. 
He  was  to  judge  of  J,he  equality  between  the  distance  from  the  first 
to  the  second  and  that  from  second  to  third.  If  the  second  bead 
was  too  near  or  too  far  away  he  moved  it  by  a  cord  till  the  distances 
were  equal. 

Experiments  were  made  for  several  days  upon  myself  and  others. 
On  looking  at  the  beads  six  images  were  seen.  The  nearest  pair 
were  first  united,  then  the  second  pair  and  finally  the  third  pair. 
There  were  thus  never  less  than  five  images  present,  which  changed 
in  position  with  every  adjustment.  The  effort  to  combine  the  proper 
images  was  constantly  hindered  by  the  distracting  movements  of 
the  others.  These  double  images  interfered  so  much  that  in  my  own 
case  I  was  unable  to  get  more  than  twenty  results  at  one  sitting,  on 
account  of  great  fatigue. 

Each  experiment  gave  a  record  of  the  distance  of  the  middle  bead 
from  the  nearer  one.  Taking  the  position  of  the  bead  in  the  first 
experiment  as  the  standard,  its  record  was  subtracted  from  each 
following  record.  The  results  thus  obtained  show  how  much  the 
middle  bead  recedes  from  the  nearer  one  as  fatigue  conies  on. 

Thus  three  sets  of  experiments  were  made  whose  results  were 
transformed  into  "  fatigue  sets "  by  subtracting  the  first  result  in 
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each  set  from  each  of  the  following  results  in  the  same  set.  The 
averages  of  the  three  sets  gave  the  results,  0,  12,  29,  35,  30,  50,  60, 
85,  98,  95,  113,  116  in  millimeters  as  the  amount  of  increase  over  the 
first.  The  amount  of  error  due  to  fatigue  during  these  twelve 
experiments  was  equal  to  about  the  amount  of  error  for  40  experi- 
ments according  to  the  later  method. 

With  others  experimented  upon,  the  double  images  likewise  dis- 
tracted the  attention  and  hindered  a  satisfactory  judgment.  The 
observers  never  felt  sure  of  the  distance  from  one  bead  to  the  other, 
as  their  attention  was  required  to  adjust  the  double  images. 

This  was  not  the  only  objection  to  having  the  three  beads  before 
the  eyes  at  one  time.  When  the  eyes  were  converged  on  the  first, 
with  the  second  and  third  double,  there  was  formed  a  triangle  of 
which  the  first  bead  was  the  vertex  while  the  two  images  of  the 
third  were  at  the  base.  With  this  outline  before  the  eyes,  the 
second  bead  could  easily  be  moved  until  its  double  images  became 
the  centers  of  the  sides  of  the  triangle.  This  could  all  be  done 
without  any  movement  of  the  eyes. 

Final  apparatus. 

A  board,  fig.  7,  a  little  more  than  one  and  a  half  meters  long  and 
thirty  centimeters  wide,  supported  by  three  legs,  served  as  the  table. 


Fig.  7. 


From  the  end  at  which  the  observer  sat,  at  a  distance  of  one-half  a 
meter,  the  first  brass  tube  T  was  stationed,  extending  down  through 
the  board.  In  this  tube  was  a  knitting  needle,  on  the  upper  end  of 
which  a  cylindrical  brass  bead  1 0"™  long  and  9"^"  in  diameter  was 
fastened.  On  the  lower  end  of  the  needle  a  small  rod  was  fastened. 
The  needle  had  an  up-and-down  play  of  45™".  Another  bead 
C  was  similarly  supported  at  a  distance  of  1°  from  the  first.  A  slot 
S,  70*°*  long,  was  cut  in  the  board  between  the  two  beads.     Over  the 
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oenter  of  the  slot  wsa  a  braaa  rod  R,  1"°  in  diameter,  supported  At 
either  end  by  §mall  blook§  2™  high.  Upon  this  rod  w&b  a  small 
brass  cylinder  D,  closely  fitting  bot  free  to  move,  which  acted  as  a 
carriage  for  the  second  bead  B  snpported  nmilarly  to  the  other  two. 
It  oarried  an  index  I  which  extended  over  a  scale  graduated  in  both 
directions  from  the  center  of  the  distance  between  the  two  beads. 
This  carriage  was  moved  by  an  endless  cord  passing  over  palleys  at 
the  ends  of  the  board.  It  also  passed  over  a  wheel  W,  whose  axle 
was  snpported  by  two  blocks  under  the  table  at  a  short  distanoa 
from  the  front  end.  By  turning  the  protruding  axle  the  observer 
conld  place  the  middle  bead  wherever  he  desired.  By  poshing  the 
lever  L  the  first  bead  A  could  be  raised  and  by  pulling  it  the  third 
bead  C  could  be  raised.  This  was  done  with  the  same  hand  which 
turned  the  roller  for  the  second  bead.  From  the  rod  F  on  the  lower 
end  of  the  second  bead,  a  cord  passed  up  behind  and  over  the  index 
rod  I  of  the  carriage,  then  through  tbe  slot  S,  under  the  table  to  a 
screw-eye  in  the  front.  This  was  used  by  the  left  hand  and  waa 
kept  stretched  by  a  small  weight. 

The  beads  were  hidden  from  the  observer  by  a  blackened  upright 
board  E.  In  this  a  slot  2™°  wide  and  11™  long  was  cat,  at  the 
height  which  the  beads  would  have  when  raised.  To  prevent  the 
eyes  from  looking  down  further  on  the  third  bead  than  on  the  other 
-two,  by  virtue  of  the  visual  angle  covering  more  distance,  a  black 
tin  apron  G  was  extended  IS"""  out  from  the  slot.  The  head  was 
kept  in  the  same  position  by  putting  the  nose  at  a  definite  plaoe 
each  time. 

The  apparatus  was  placed  on  a  large  table  and  was  raised  or 
lowered  so  that  when  the  observer  was  sitting  erect,  the  eyes  would 
be  opposite  the  slot.  The  beads  when  raised  were  in  the  direct  line 
of  vision  from  the  center  of  tbe  slot.  The  nose  having  been  pat 
upon  this  middle  point,  each  bead  formed  the  vertex  of  an  isosoelea 
triangle  made  by  the  line  of  sight  of  the  two  eyes.  No  movements 
were  necessary  except  those  of  accommodation  and  of  symmetrical 
convergence. 

Method  of  experiment. 
Tbe  experiment  began  each  time  with  the  carriage  of  the  second 
bead  placed  at  the  end  of  the  slot  nearest  the  observer.  All  beads 
were  out  of  sight.  By  a  push  of  the  lever  the  first  bead  was  raised, 
its  position  was  noticed  and  it  was  allowed  to  fall.  By  the  cord  in 
the  left  hand  the  second  bead  was  raised  and  dropped.     Tlien  by  a 
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pull  of  the  lever  the  third  was  raised  and  dropped.  The  judgment 
was  made  as  to  whether  or  not  the  second  bead  was  in  the  middle. 
If  not,  the  block  was  moved  further  away  by  turning  the  wheel  and 
the  experiment  was  repeated.  This  was  done  until  the  bead  was 
judged  to  be  in  the  middle. 

A  few  trial  experiments  showed  that  almost  the  same  results 
would  be  obtained  if  the  experiment  began  with  the  second  bead  at 
the  near  or  at  the  far  end  ;  but  as  my  judgments  always  placed  the 
bead  nearer  the  farther  end,  it  was  best  to  bring  the  slide  over  the 
greater  distance  to  prevent  the  judgment  from  being  influenced  by 
the  distance  moved.  Had  it  been  moved  otherwise  the  distance  was 
short  enough  to  have  been  remembered.  Care  was  always  taken  to 
prevent  the  judgment  from  being  influenced  by  the  distance  passed 
over  by  the  carriage,  or  by  the  amount  of  cord  passed  through  the 
hand,  or  by  the  number  of  revolutions  of  the  wheel. 

The  distance  of  the  first  bead  from  the  eyes  was  a  half  meter ; 
thiB  is  not  short  enough  to  cause  any  strain.  The  third  bead  was  a 
meter  and  a  half  away  and  the  middle  point  was  600°™  from  either 
extreme.  The  part  of  the  scale  graded  from  this  point  toward  the 
eyes  was  called  negative  and  the  other  positive ;  they  were  indicated 
by  the  signs  —  and  +. 

The  experiment  was  never  continued  to  complete  exhaustion.  In 
the  first  experiments  on  myself,  I  continued  until  vision  became  very 
indistinct  and  the  third  bead  was  focused  with  great  difliculty. 
This  occurred  about  the  fortieth  experiment.  Thereafter  the  set  of 
experiments  was  ended  at  the  fortieth. 

Each  individual  experiment  resulted  in  a  position  of  the  middle 
bead  somewhere  near  the  middle  point,  or  0,  between  the  two^end- 
beads.  Its  divergence  from  this  point  was  recorded  in  millimeters 
+  or  — . 

Observer  A, 

The  first  question  to  be  considered  is  the  position  of  the  estimated 
middle  point  for  the  first  experiment  on  the  successive  days  of  work. 

The  results  are  :  during  May,  27,  60,  33,  28,  74,  97,  83,  96  ;  during 
June,  75,  48,  48,  81,  80,  80,  90,  74,  61,  76,  86  ;  during  July,  92,  97, 
102,  92,  103,  121,  136,  126,  70,  104  millimeters,  all  being  +  or  devi- 
ations beyond  the  true  middle.  In  all  the  experimenting  upon 
myself  the  second  bead  was  never  brought  on  the  minus  side  and 
the  nearest  plus  was  27°™.  Thus  in  my  normal  condition  the  dis- 
tance between  the  two  beads  was  steadily  overestimated. 
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This  change  of  estimation  can  be  attributed  directly  to  fatigue  for 
the  following  reason.  When  I  began  experimenting  on  myself  in 
May,  I  was  in  excellent  physical  condition  and  my  other  work  was 
not  heavy.  Much  time  was  ailerwards  required  for  outside  work 
and  the  pressure  became  so  great  that  I  could  go  to  the  laboratory 
only  after  the  most  exhausting  labor.  During  the  last  few  days  of 
the  experimenting,  a  feeling  of  general  physical  depression  was 
experienced  even  at  the  beginning  of  the  experiment.  Further 
experimenting  was  postponed  till  June. 

The  June  experiments  were  begun  at  the  end  of  a  month's  work 
of  the  most  exhausting  character.  The  outside  work  had  now  nar- 
rowed to  merely  an  employment  which  was  not  at  all  fatiguing  but 
which  prevented  any  rest.  The  wear  of  the  previous  severe  strain 
could  not  be  easily  repaired.  There  was  very  little  change  in  the 
physical  condition  and  the  record  shows  very  slight  variation. 

Table  I. 

Fatigue  in  binocular  eatimate  of  depth. 

No.ofrecord 1  2  3  4  5  6  7  8  9  10  11  12  13 

Maj^ayerage 0  3  9  20  17  28  19  21  30  47  43  48  62 

June,  average 0  2  4  6  13  18  10  18  18  20  37  41  33 

May  and  June,  average 0  2  6  12  16  22  14  19  23  32  40  44  45 

No.ofrecord 14  15  16  17  18  19  20  21  22  23  24  25  S6 

Maj,  average 64  61  64  71  77  83  79  62  60  76  83  75  84 

June,  average 31  31  41  36  42  48  44  44  48  49  48  51  44 

Maj  and  June,  average 41  44  51  60  56  63  58  52  53  60  63  61  61 

No.ofrecord 27  28  29  30  31  32  33  34  35     36  37  38  39     40 

May,  average 92  78  81  87  96  91  104  88  82  109  86  99  91   105 

June,  average 41  43  49  58  54  52  61  60  58     66  56  65  62     66 

Mayand  June,  average. 62  58  62  70  71  67  78  71  67     72  68  78  74     80 

During  July  the  work  was  steady  and  experiments  on  the  eyes 
were  made  two  or  three  times  each  day  till  Aug.  1.  The  eyes  were 
becoming  greatly  fatigued.  The  exceptional  character  of  the  ninth 
experiment  in  July  is  due  to  the  fact  that  Sunday  intervened  between 
the  eighth  and  ninth  with  a  general  rest  of  forty-four  hours.  The 
records  for  July  show  a  large  increase  over  the  records  similarly 
taken  in  May  and  June.  The  painful  sensations  in  the  eyes  testified 
to  fatigue.  In  the  beginning  of  the  experiment,  at  the  first  con- 
vergence, a  severe  pain  was  often  felt  over  the  eyes.  When  any- 
near  object  was  focused  the  same  painful  feeling  was  experienced. 

A  suggestion  is  here  offered  to  the  teachers  in  primary  and  sec- 
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ondary  schools.  Where  proper  supplies  cannot  be  famished  by  the 
community,  a  large  amount  of  copying  from  a  blackboard  is  required. 
Small  children  are  frequently  compelled  to  do  this  work,  although 
the  fatigue  is  particularly  injurious  in  their  case.     They  are  not  able 
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Fig.  8. 

to  grasp  a  sentence  and  write  it  from  one  glance ;  they  must  con- 
tinually change  their  convergence  by  looking  to  the  board  and  back. 
Even  larger  pupils  are  very  often  required  to  copy  Latin,  Greek  or 
German  from  the  board.     These  languages  not  being  familiar,  the 
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convergence  most  be  chan^2^  for  almost  every  word.  If  such  work 
is  continued  many  minutes  in  succession,  or  for  a  short  time  every 
day,  the  evil  effect  will  be  seen  in  those  pupils  whose  eyes  are  not 
strong.  They  will  be  afflicted  with  headaches  and  will  be  greatly 
disturbed  in  the  preparation  of  lessons. 

The  second  question  for  consideration  is  the  effect  of  the  special 
fatigue  in  each  experiment  of  the  set  of  forty.  In  the  previous  par- 
agraphs only  the  first  expariment  of  the  set  was  considered.  With 
this  first  experiment  taken  as  a  standard,  any  deviation  of  the  suc- 
ceeding results  from  the  same  figure  can  be  attributed  to  fatigue 
resulting  from  the  previous  experiments  of  the  same  set.  Accord- 
ingly for  each  set  the  difference  between  each  experiment  and  the 
first  experiment  was  computed  ;  thus,  +  3  for  the  second  experiment 
would  indicate  that  the  middle  point  was  placed  3^^  further  from 
the  eyes  than  in  the  first  experiment.  The  result  of  the  first  experi- 
ment was  thus  used  as  a  zero-point  from  which  to  reckon  the  effect 
of  fatigue  in  the  following  experiments. 

The  average  divergence  of  the  second  result  from  the  first  was  +  3 
for  the  eight  sets  in  May,  that  of  the  third  was  +9,  etc.  The 
complete  list  is  shown  in  Table  I,  all  the  results  being  + . 

The  table  and  the  curve,  fig.  8,  show  an  increase  from  the  very 
beginning.  In  the  curve  for  May,  in  the  second  experiment  there  is 
an  increase  of  3™"*  over  the  first,  in  the  third  9"™,  and  in  the  fourth 
20"",  and  so  on.  In  the  curve  for  June,  2"'",  4"",  and  6""  are  the 
increases  of  the  second,  third,  and  fourth  experiments.  In  the  com- 
posite curve  for  May  and  June  the  increases  are  2"",  6"",  12"*"*. 
From  this  it  seems  evident  that  fatigue  begins  very  early  in  the 
experiment.  As  each  single  experiment  represents,  on  the  averiage^ 
four  distinct  trials  at  accommodation  and  convergence  it  is  safe  to 
say  that  fatigue  sets  in  within  ten  trials,  though  it  may  not  be 
detected  by  any  painful  sensations  for  more  than  twice  that  number. 

The  increase  for  May  is  much  more  rapid  than  that  for  Jane. 
This  is  tnie  for  all  the  records.  Mav  ends  with  an  increase  of  106°*™ 
while  June  reaches  only  to  65™'".  While  this  may  be  attributed  in 
part  to  external  circumstances  or  physiological  conditions,  it  is  due 
to  a  large  extent  to  practice,  as  has  been  pointed  out  by  Fecunkb.* 
Continued  practice  would  enable  the  subject  to  make  many  more 
experiments  before  exhaustion  than  were  made  in  this  series.  The 
form  of  the  curve  would  continually  vary  until  practice  had  reached 


*  FEOmiBB,  Ueber  den  Gang  der  Muskeliihung^  Ber.  d.  k.-sachs.  Ges.  d.  Wiss.,  math.- 
phjB.  Kl.,  1S57  IX  113. 
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its  maximum.  The  general  form  would  not  be  so  much  ohanged, 
but  certain  parts  of  the  curve  would  be  stretched  out  as  in  the  case 
of  those  who  are  not  easily  fatigued. 

The  composite  curve  shows  that  fatigue  changes  our  estimations 
very  rapidly  in  the  early  experiments,  while  the  successive  incre- 
ments decrease  toward  the  end  of  the  set.  The  curve  rises  more 
rapidly  in  the  first  half  than  in  the  last.  The  change  in  the  last 
quarter  is  not  nearly  so  marked  as  in  the  first  quarter.  Could  the 
experiments  be  continued  to  complete  exhaustion,  the  curve  would 
assume  a  parabolic  form.  That  is,  the  observer  will  continue  to 
increase  the  overestimation  until  the  bead  reaches  a  certain  point, 
beyond  which  it  cannot  be  moved  without  the  observer,  however 
fatigued,  knowing  that  it  is  nearer  the  third  than  the  first  bead. 

The  presence  of  rhythm  is  very  marked.  It  disappears  somewhat 
in  the  composite  curves,  but  it  is  very  striking  in  the  individual 
records.  There  seems  to  be  a  rhythm  of  fatigue  throughout  the 
whole  work.  There  are  exceptions  but  they  are  few.  Rhythm  has 
been  found  in  all  the  work  in  which  fatigue  comes  in  to  modify  the 
results.  The  following  record  of  a  single  experiment  shows  the 
phenomenon.  The  figures  indicate  the  number  of  millimeters  of 
overestimation  at  each  placing. 

It  runs  81,  75,  42  (which  is  exceptional  as  they  generally  rise  from 
the  beginning),  74,  104,  120,  54,  85,  87,  97,  119,  falls  to  102,  but 
rises  immediately  to  134.  Some  parts  of  the  remainder  show  similar 
fiuctuations  :  105,  100, 137,  138,  125, 129,  137,  144,  141, 115,  125,  150, 
146,  114,  164,  155,  150,  188,  186,  142,  159,  123,  172,  171,  133,  148, 
199.  This  fluctuation  reminds  us  of  Lombard's  experiments  on 
muscular  fatigue.* 

The  figures  in  Table  I  are  averages  for  experiments  extending  over 
a  whole  month.  Thus,  the  number  105  for  the  40th  experiment  is 
the  average  of  all  the  40th  experiments  for  the  month  of  May.  It 
becomes  necessary  to  know  how  the  individual  results  differ  from 
the  average.  This  knowledge  is  obtained  from  the  mean  variation. 
Each  individual  result  used  in  an  average  had  its  difference  from  that 
average  determined ;  thus,  each  40th  experiment  during  May  was 
compared  with  105  and  the  difference  noted.  Then  these  differences 
were  averaged,  giving  the  mean  variation  ;  thus  a  mean  variation 
was  obtained  for  the  40th  experiment,  and  likewise  for  each  of  the 
others.     The  results  are  given  in  Table  II. 


'  LoMBAUD,    The  effect  of  fatigue  on  voluntary  muscular  contractiona^   Am.   Jour. 
Psych.,  1890  III  24. 
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The  table  and  the  carve,  fig.  9,  show  the  same  fact  as  the  fatigue 
curve  itself,  althoagh  not  so  marked.  The  curve  for  May  begins 
with  eight  and  rises  to  forty-one.  The  curve  for  June  begins  with 
sixteen  and  does  not  reach  higher  than  twenty-nine,  and  then  closes 
near  its  beginning.  In  the  fatigue  curve  for  May  there  is  a  much 
larger  increase  than  in  that  for  June.  As  fatigue  increases  work 
becomes  more  irregular.  This  will  be  found  also  in  the  resalts  of 
the  mental  and  muscular  work  which  will  be  described  later. 

Tablb  II. 

Mean  vaHoMon  m  hinoeuUxr  eatimate  of  depth, 

No.ofexper 1  2  3  4  5  6  7  8  9  10  11  12  13 

May 0  8  19  14  19  21  17  16  26  21  16  25  12 

June 0  16  16  16  8  22  16  17  14  16  14  19  22 

MajandJune 0  13  17  16  12  12  17  17  20  23  15  22  27 

No.ofexper 14  16  16  17  18  19  20  21  22  23  24  26  26 

May 12  26  24  84  30  36  41  23  26  33  29  27  27 

June  12  20  J6  16  13  13  19  19  16  19  15  19  13 

MayandJune 16  26  21  27  24  26  33  21  21  27  26  25  16 

No.ofexper 27  28  29  30  31  32  33  34  36  36  37  38  39  40 

May 33  26  34  34  34  36  29  36  34  41  30  36  40  29 

June 22  23  29  18  19  20  18  29  24  23  22  19  19  17 

May  and  June 29  26  32  27  31  27  27  32  26  36  27  30  32  26 

What  is  the  source  of  this  irregularity  ?  By  an  electrical  stimulus 
it  might  be  proven  that  the  fatigue  was  central,  as  was  found  by 
Mosso^  in  muscular  fatigue.  Fatigue  in  the  physical  organism 
might  cause  an  extension  or  contraction  of  the  estimated  distance, 
but  it  could  not  explain  the  irregul^ir  element.  This  must  be 
accounted  for  from  a  purely  psychical  standpoint.  The  will,  atten- 
tion, and  memory  were  involved  in  every  decision.  When  fatigne 
had  fully  begun,  it  required  considerable  effort  to  hold  the  attention 
on  the  position  of  the  beads  and  to  retain  in  mind  the  two  distances 
to  be  compared.  Often  it  became  impossible  to  remember  with 
clearness  the  first  distance,  and  unless  the  decision  was  made  imme- 
diately, only  two  dim  perceptions,  one  of  which  was  fast  escaping, 
were  present.  The  fatigue  evidently  affects  the  attention  and  thus 
causes  this  irregularity. 

During  the  first  week  of  July  six  sets  of  experiments  were  made 


1  Mosso,  U«^)er  die  Gtseize  der  Ennudung^  Du  Bois-Reymonds  Arch.  f.  Physiol.,  1690 
111. 
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to  determine  the  relation  which  memory  bears  to  the  results.  The 
subject  would  focus  on  the  first  bead,  then  the  second,  and  then 
wait  five  seconds,  and  again  focus  the  second,  and  then  the  third.. 
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The  resalt  is  seen  in  the  following  average  record  of  the  fatigue  : 
0,-  6,  13,  11,  7,  6,  13,  13,  20,  21,  21,  18,  28,  19,  60,  23,  39,  36,  67,  40, 
49,  38,  63,  53,  56,  64,  61,  68,  63,  42,  43,  62,  53,  63,  66,  57,  62,  60,  67^ 
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59nB.  ipiiQ  effect  is  found  in  the  greater  irregalarity.  As  in  the 
preceding  case,  the  increase  is  produced  but  according  to  no  law. 
About  the  same  result  was  found  when  the  time  was  extended  to 
ten  records. 

Why  should  '  this  exhaustion  come  so  early  ?  Why  should  a 
fatigue  of  52*°"*  appear  in  the  twentieth  placing  while  in  the  regular 
work  it  was  not  reached  before  the  fortieth?  The  explanation  is 
perhaps  as  follows.  When  the  subject  raised  the  first  bead  and 
then  the  second,  he  formed  a  mental  picture  of  the  distance.  He 
waited  five  seconds  and  raised  the  third  bead.  Now,  two  positions 
are  held  in  memory  and  the  third  is  before  him.  The  two  memory- 
positions  will  approach  each  other  as  the  time  passes,  and  the  second 
bead  will  appear  nearer  than  it  did  when  it  was  focused.  The  sub- 
ject is  not  conscious  of  this  mental  operation.  So  he  pushes  the 
second  bead  farther  from  him  than  he  would  have  done  had  no  time 
elapsed.  The  first  placing  shows  this  phenomenon.  As  fatigue 
comes  on,  our  memory  images  grow  dim  much  faster  and  conse- 
quently we  increase  the  distance  very  rapidly.  Fatigue  has  the 
same  effect  on  memory  distance  as  the  passing  of  time.  Why 
exhaustion  comes  so  early  will  be  spoken  of  later. 

Observer  JB, 

This  observer  was  a  college  student.  A  large  number  of  trial 
experiments  was  made  before  his  records  assumed  a  regular  form. 
His  irregularity  was  due  to  his  manner  of  focusing.  His  first  efforts 
were  made,  as  he  said,  in  trying  to  find  the  middle  point,  and  as  a 
result  he  invalidated  his  work  by  following  several  different  methods. 
Finally,  after  much  insisting  that  he  locate  each  bead  mentally  by 
looking  at  it  and  at  nothing  else,  his  curves  began  to  take  a  more 
regular  form.  However,  his  mean  variation  continued  large.  This 
seems  to  indicate  an  inferior  accuracy  in  judging  depth  by  binocular 
movements.  The  large  mean  variation  doubtless  covered  in  the 
record  much  of  the  misplacement  that  was  due  to  fatigue. 

Out  of  his  numerous  records  twenty  consecutive  ones  were  selected. 
In  every  case  the  second  bead  was  placed  nearer  the  third  bead  than 
the  first.  The  averages  of  the  twenty  fatigue  sets  made  as  in  pre- 
ceding work  is  as  follows  :  0,  3,  7,  2,  11,  6,  IH,  17,  15,  22,  29,  30,  25, 
27,  29,  31,  31,  24,  32,  33,  34,  33,  33,  32,  32,  45,  31,  26,  25,  20,  31,  27, 
36,  28,  34,  26,  33,  31,  29,  34,  27.  As  in  the  previous  case,  each  num- 
ber represents  the  amount  of  retreat  of  the  bead  in  the  successive 
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experiments  beyond  its  place  at  the  first  experiment.    The  curve  of 
results  is  shown  in  fig.  10. 

His  fatigue  curve  does  not  reach  the  height  of  that  for  Observer 
A,  although  he  testifies  to  fatigue  in  these  notes:  ''eyes  ache;" 
"  eyes  feel  tired  ; "  **  extremely  tired,  eyes  worn  out ; "  "  eyes  felt 
heavy  and  tired  ;  it  was  hard  to  focus  them."  The  only  explanation 
of  the  difference  in  the  records  seems  to  be  that  the  average  of  the 
first  records  in  all  the  experiments  on  Observer  A  is  72,  while  the  aver- 
age of  his  is  175,  which  is  near  A's  fatigue  limit.     His  fatigue  range 
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Fig.  10. 

could  not  extend  so  far  without  bringing  the  second  bead  near  the 
third.  Fatigue  would  not  produce  so  great  a  change  within  that 
small  space.  With  a  longer  distance  the  curves  would  be  likely  to 
corae  nearer  each  other. 

B's  greatest  fatigue  was  generally  reached  several  experiments 
before  the  set  closed.  In  the  average  curve  the  highest  point  is  at 
the  twenty-fifth  experiment.  This  is  true  of  the  majority  of  the 
individual  curves.  At  this  point  he  would  generally  complain  of 
being  "  unable  to  go  much  further."  He  would  soon  feel  better  and 
his  record  would  show  a  less  distance  from  the  center  than  in  the 
immediately  preceding  experiment. 

Fluctuations  were  present  as  in  the  case  of  Observer  A 

Practice  had  approached  its  maximum  influence  before  his  records 

were  ended.     The  time  required  to  place  the  bead  was  much  longer 

than  for  other  observers.     It  required  twenty  minutes  for  A  to  make 

the  set  of  forty,  while  it  required  thirty  minutes  for  B.     He  was 
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alow  in  decision  and  would  often  focns  twioe  or  more  without 
moving  the  beads.  This  extra  focusing  may  account  for  the  fact  of 
his  reaching  a  maximum  fatigue  so  early  as  the  25  experiment. 

The  mean  variations  for  his  fatigue  curves  show  a  slight  increase 
for  successive  dates.  His  irregularity  in  the  individual  records  was 
much  greater  than  that  of  the  preceding  observer. 

J)iscus8iofi. 

What  was  the  condition  of  the  eyes  while  one  bead  was  being 
lowered  and  the  other  raised  ?  Did  they  hold  their  convergence  or 
did  they  assume  a  parallel  ?  To  determine  this,  a  fourth  bead  was 
set  up  just  one  meter  from  the  third.  The  first  bead  was  raised, 
noticed,  and  then  dropped.  The  eyes  were  then  focused  on  the 
fourth.  The  second  was  raised  and  dropped,  and  the  eyes  were 
again  focused  on  the  fourth.  After  the  same  action  with  the  third, 
the  judgment  was  made  as  to  whether  or  not  the  second  bead  was  in 
the  middle.  At  the  twentieth  experiment  the  eyes  were  exhausted^ 
while  they  were  accustomed  to  forty  experiments  with  the  three 
beads.  The  attention  was  so  distracted  that  it  was  difficult  to  place 
the  second  bead.  The  time  required  for  focusing  was  largely 
increased.  The  same  results  were  found  when  a  mark  on  a  distant 
wall  was  used  instead  of  the  fourth  bead.  The  observations  show 
that  the  eyes  rarely  assume  a  definite  intentional  position,  but  rather 
an  easy  position  from  which  the  next  converging  can  be  done  with 
the  least  difficulty.     This  position  is  presumably  a  parallel  one. 

In  making  these  experiments  by  putting  up  a  fourth  bead  to 
determine  whether  or  not  the  eyes  remained  converged  between  the 
focusings,  the  attention  was  greatly  distracted.  So,  to  find  the  effect 
that  the  fatigue  of  attention  had  on  the  estimate  of  distance,  this 
bead,  marked  by  the  letter  D,  was  placed  at  a  distance  of  one  meter 
from  the  third  and  in  the  same  line  of  vision.  Ten  sets  of  experi- 
ments were  made  as  just  described,  the  average  of  whose  fatigue  sets 
is  as  follows:  0,0,-2,  7,  13,  13,16,24,22,20,30,44,32,33,50,47,52, 
54,  60,  54.  The  highest  eflFect  of  fatigue  is  60""",  which  is  about  the 
same  as  that  found  in  the  regular  sets.  But  this  is  the  result  of  only 
twenty  placings,  the  regular  sets  containing  forty.  The  time  required 
to  make  these  twenty  experiments  was  eighteen  minutes  while 
the  time  of  the  forty  was  only  twenty.  In  these  the  firmest  attention 
was  absolutely  necessary  to  judge  the  distance  and  hold  in  mind  the 
position  of  the  beads.  When  the  first  was  focused,  then  the  fourth, 
the  second,  then  the  fourth  again,  the  distance  from  the  first  to  the 
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second  was  forgotten  unless  the  memory  was  kept  riveted  on  the 
various  positions.  The  fourth  greatly  interfered  by  distracting  the 
attention.  As  fatigue  entered,  the  work  grew  more  difficult,  the 
attention  was  more  easily  distracted,  and  as  a  result  the  variation 
became  much  larger  in  the  individual  experiments.  The  muscles  of 
convergence  could  not  have  been  very  much  more  fatigued  by  extra 
fixation.  The  additional  fatigue  must  have  been  due  to  the  strain 
on  the  attention. 

Comparison  with  atmospheric  changes. 

As  the  season  was  early  summer,  the  windows  were  generally  open 
and  the  conditions  within  the  room  were  about  the  same  as  without. 
The  observer  at  the  United  States  Weather  Station,  which  is  about 
300  meters  from  the  laboratory,  furnished  me  with  the  temperature, 
humidity  and  barometer  markings.  These  fairly  represented  the 
conditions  of  the  room  used. 

In  Table  III  the  fatigue  column  was  found  by  subtracting  the 
average  of  the  first  five  of  each  set  from  the  average  of  the  last  five. 
This  was  done  for  each  experiment  for  the  days  in  May  and  June  and 
the  results  were  placed  in  the  order  in  which  the  experiments  were 
made.  The  temperature  and  barometer  readings  were  taken  every 
liour.  The  humidity  at  the  Station  was  registered  only  at  8  a.  m. 
and  8  r.  m.  and  so  it  was  necessary  to  interpolate  for  the  hour 
required.  The  humidity  may  not  be  correct,  as  it  does  not  follow 
arithmetical  rules. 

By  comparing  the  fatigue  column  of  Table  III  with  the  columns 
representing  the  temperature,  humidity,  and  barometer  markings,  it 
is  at  once  seen  that  the  fatigue  was  not  controled  by  any  one  of 
these  atmospheric  conditions.  On  the  first  day,  when  the  amount  of 
the  fatigue  was  the  greatest,  the  barometer  was  exceedingly  high. 
The  second  greatest  fatigue  has  the  second  highest  barometer.  The 
second  day  shows  an  increase  in  temperature  (but  the  temperature 
at  that  point  would  not  be  depressive),  a  slight  decrease  of  humidity 
and  a  decided  decrease  in  the  pressure,  while  the  fatigue  is  greatly 
reduced.  On  the  third,  the  humidity  and  pressure  decrease,  the 
temperature  increases  and  the  fatigue  increases.  The  first  two  are 
not  sufiiciently  high  to  produce  any  evil  eflFects,  while  a  temperature 
of  84°  so  early  in  the  summer  in  a  northern  climate  will  prove 
depressing.  Throughout  the  experiments  the  law  seems  to  hold 
true,  that  when  temperature,  humidity  and  atmospheric  pressure  are 
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free  to  act,  the  fatigue  is  accelerated  or  retarded  by  the  combiDed 
increase  of  any  two  of  the  three  influences.  But  a  large  increase  of 
temperature  with  a  small  decrease  of  humidity  and  pressure  will 
increase  the  fatigue.    Fatigue  will  be  increased  by  a  heavy  increase 

Tablk  III. 
Ckmparimm  of  fatigue  with  aimaaphmc  conditions. 
Fatigue.  Temperature.        Humiditj.     Barometer  in  inches. 


147 

60 

73 

30.24 

89 

77 

69 

29.89 

101 

84 

65 

39.69 

104 

61 

68 

30.05 

87 

48 

79 

30.0S 

43 

51 

69 

30.00 

54 

75 

76 

29.64 

83 

71 

80 

29.85 

90 

80 

90 

29.88 

95 

82 

90 

29.86 

66 

86 

76 

29.86 

64 

88 

76 

29.86 

59 

91 

66 

29.84 

68 

93 

68 

29.81 

34 

91 

69 

29.80 

51 

60 

98 

30.04 

73 

SO 

95 

29.83 

51 

78 

84 

29.83 

52 

76 

96 

29.93 

of  any  one  of  these  against  a  small  decrease  of  the  other  two.  Also 
a  large  decrease  of  one  will  decrease  fatigue  against  a  small  increase 
of  the  other  two.  If  the  subject  were  put  into  a  room  where  two  of 
these  influences  could  be  kept  constant  while  the  other  could  be 
varied,  it  would  probably  be  found  that  an  increase  of  temperature^ 
humidity  or  pressure  would  tend  to  increase  the  amount  of  fati^e, 
provided,  of  course,  the  experiments  were  begun  at  what  might  be 
termed  the  normal  point  of  each. 

Effect  of  fatigue  on  monocular  estimate  of  depth. 

Perspective  vision  with  one  eye  is  generally  imperfect,  obscure 
and  inaccurate.  It  has  been  held  that  the  sensations  of  accommoda- 
tion are  not  sufficient  for  any  estimate  of  the  depth  of  objects  with 
one  eye.*    In  the  experiments  here  described  all  secondary  helps  were 

^HiLLEBRAKD,  D(u  Verhdltntss  von  Accommodation  u.  Konvergem  zur  TiefeiUohaHmi* 
Hon,  Zt  Psych.  Phys.  Sinn.,  1890  VII  97. 
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eliminated  as  far  as  possible  in  order  to  cause  the  judgments  to  be 
made  from  the  sensations  of  accommodation.  The  same  apparatus 
was  used  that  was  used  for  determining  with  both  eyes  the  effect  of 
fatigue  on  the  estimate  of  depth.  The  slot  through  which  the 
observer  looked  was  reduced  to  3^  in  length,  so  as  to  permit  the  use 
of  only  one  eye,  the  left,  and  to  hold  that  in  the  same  line  of  vision. 


ae^  error 


J/umidlti 


Fig.  11. 

The  other  eye  was  not  closed  but  left  free.  As  it  was  within  3°™  of 
the  black  shield  there  was  nothing  on  which  to  focus  and  the  atten- 
tion was  given  entirely  to  the  seeing  eye. 

The  experiments  were  made  upon  myself  and  Observer  B  during 
the  month  of  July.  At  first  there  was  great  difficulty  in  accommo- 
dating or  focusing.     The  beads  would  not  become  clear  and  sharp  at 
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once.  Several  sets  were  made  before  the  jodgments  coald  be  relied 
on.  The  first  record  and  the  average  of  the  first  five  records  in  each 
set  are  given  in  Table  IV. 

The  results  show  an  increasing  tendency  toward  placing  the 
middle  bead  beyond  the  middle.  This  is  similar  to  the  resalt  for 
binocular  vision  and  for  nearly  all  fatigue  sets. 

The  averages  for  fifteen  fatigue  sets  taken  on  three  observers  are 
shown  in  Table  Y,  the  fatigue  set  being  formed,  as  before,  by  sub- 
tracting the  first  record  from  each  of  the  following  ones. 

The  form  of  the  curves  in  fig.  12  is  not  very  unlike  that  found 
when  both  eyes  were  used.    The  greatest  increase  over  the  first 

Table  IV. 
First  record  and  average  of  first  five  records  in  monocuiar  estimation. 

Ko.ofaet 1      2        3      4        6        6        7        8        9      10      11       12      13       14       16 

Observer  A,    )    gg     72      60    47      80      26      46      73     137      83    136      72      68    114     123 
first  record ) 

Observer  A,    )    gj     gj      g3     g,,      95      39      50      ^9    133      82     128      93      63       96     115 
first  five      ) 

Observer  B,)      ^     5     ^^^    63     107     112     126     160     136     137     136     176     206     171 
first  record ) 

OlwerverB,     )    3,^     jg      93    ^^      9^      92     145     142      39    212     163     176     207     183 
first  five      ) 

• 

experiment  comes  within  the  first  twenty  experiments.  The  curve 
after  that  time  takes  more  nearly  the  parabolic  form  corresponding 
to  that  pointed  out  in  the  preceding  section. 

The  mean  variation  of  the  individual  results  from  the  general 
result  is  somewhat  larger  than  that  in  binocular  work.  The  effect  of 
fatigue  on  the  variation  is  not  quite  so  marked,  yet  there  is  a  larger 
variation  toward  the  close  than  at  the  beginning.  Fatigue  affects 
the  accuracy  of  the  judgment.  In  the  individual  experiments  the 
variation  from  one  to  the  other  is  very  much  greater  than  that  in 
the  estimation  with  both  eyes. 

From  the  fifteen  sets  of  Observer  A,  whose  average  has  been  given 
in  Table  V,  the  following  sample  record  is  given  to  show  the  indi- 
vidual peculiarities.  It  runs  as  follows  :  26,  44,  46,  20,  59,  72,  *7B, 
11,  119,  49,  54,  88,  39,  44,  56,  62,  92,  60,  110,  98,  54,  72, 132,  80,  104, 
105,  88,  92,  78,  125,  80,  120,  146,  160,  126,  88,  131,  128,  141,  160. 
This  is  a  fair  representative  of  the  series.  The  amount  of  variation 
from  one  to  another  is  easily  seen.  The  dropping  from  110  to  49 
was  due  likely  to  a  mistaken  judgment  in  the  former.  Such  irregu* 
larity  is  to  be  expected  much  more  than  the  wave  motion,  which  ifl 
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to  a  large  extent  apparent.  A  gradaal  increase  or  oontinued  varia- 
tion would  be  more  easily  explained  than  the  rhythm  which  nature 
seems  to  introduce.  No  cause  for  this  phenomenon  can  be  ascribed 
to  any  known  external  conditions.  Some  of  the  notes  made  were  : 
"can  scarcely  see,"  this  was  when  looking  at  objects  after  the 
experiment ;  "  toward  the  last,  the  objects  grew  too  dim,"  the 
power  of  convergence  was  greatly  decreased  ;  "  focusing  not  clear, 
especially  toward  the  last ;  "  "  hard  to  focus  toward  the  last."  As 
regards  the  right  eye,  which  was  not  used,  these  notes  were  made : 

Table  V. 

Fatigue  in  monocular  estimate  of  depth. 

Number  of  exper 1234667  89  10 

Observer  A 0       —2         8       12           9         9         21  2T       29  20 

Observer  B 0           1-2—7       -4       10     -20  1       12  13 

Observer  C 0           9       19       26        36      44        61  43       62  54 

Number  of  exper 11  12  13  14  15  16  17  18  19  20 

Observer  A 36  33  30  40  34  40  39  48  46  41 

Observers —  10  5  14  2  15  9  11  —3  -4  -3 

Observer  C 65  63  79  70  69  66  74  64  61  71 

Number  of  exper 21  22  23  24  25  26  27  28  29  30 

Observer  A 50  62  64  53  55  64  59  60  48  66 

Observer  B -17  8  1  7  21  19  14  5  1  22 

ObserverC 69  67  71  76  85  61  75  76  80  80 

Number  of  exper 31  32  33  34  35  36  37  88  39  40 

Observer  A 52  50  66  59  67  53  71  67  67  70 

Observers +7  u  — 1  -1  4  6  23  4  1  —12 

ObserverC 91  74  75  81  87  92  89  83  99  89 

Number  of  exper 41         42       43       44        45       46        47         48       49  50 

ObserverC 103       104       82       89         92     103       106       107       98         104 

The  numbers  are  positive  unless  otherwise  designated. 

«'  right  eye  pained  as  much  as  the  left ; "  "  right  eye  felt  worse  till 
I  got  up,  and  then  the  left  pained  me  very  much."  There  is  little 
doubt  that  [the  unused  eye  was  accommodating  and  focusing  with 
the  seeing  eye.  It  might  be  claimed  that  much  assistance  may  have 
been  received  from  its  sensations  of  convergence.  As  its  focus 
depended  on  the  seeing  eye,  it  is  not  clear  how  it  could  give  any  aid, 
although  the  claim  that  work  with  one  eye  is  in  reality  nothing 
more  nor  less  than  work  with  both  eyes  is  undoubtedly  correct. 
The  facts  noted  in  this  paragraph  all  refer  to  Observer  A. 

Table  V  also  shows  the  relations   of  fifteen  fatigue   sets  taken 
upon  Observer  B.     The  result  is  very  different  from  that  just  pre- 
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eentecL  No  law  of  fatigue  can  be  diHcoTered.  The  reason  for  thii 
can  be  foand  by  examining  the  individaal  record.  One  of  them 
begiOB  with  10?  but  falls  to  81,  then  to  64.  Then  it  rises  and  falls 
again.     The  second  twenty  minutes  show  a  slight    inorease    bnt 


S     JO     IS    20    ZS    30    3S    40    4S    SO 

Fig.  12. 

according  to  no  law.  This  irregularity  is  found  in  all  the  fifteen 
sets.  The  averages  apparently  represent  this  observer  as  very 
accurate  and  tmfattgued,  but  the  enormous  variations  in  the  records 
show  that  this  was  simply  due  to  counterbalancing  errors  in  both 
directions.     This  was  accounted  for  when  the  operator  acknowledged 
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his  inability  to  get  a  clear  focas.  He  could  not  properly  estimate 
depth  with  one  eye. 

To  determine  further  the  effect  of  fatigue  on  monocular  estima- 
tion of  depth,  experiments  were  made  on  W.  H.  L.,  a  young  man 
who  had  lost  his  right  eye.  A  few  months  after  the  removal  of  the 
eyeball,  the  wounds  healed  and  his  left  eye  became  serviceable. 
At  first  he  had  great  trouble  in  seeing  objects  near  him.  He  could 
not  fix  his  eye  for  the  near  objects.  He  could  not  estimate  the 
distance  from  one  object  to  another  behind  it.  In  looking  from  the 
third  story  of  a  building  in  which  he  was  working  the  curb-stone 
seemed  to  be  level  with  the  street.  This  changed  after  a  few 
months  and  he  is  now  able  to  determine  depth,  according  to  his 
statement,  almost  as  accurately  as  before  he  lost  his  eye. 

He  was  free  for  experiment  only  at  seven  o'clock  in  the  morning 
and  at  eight  o'clock  in  the  evening.  After  a  few  trials  to  acquaint 
himself  with  the  use  of  the  apparatus  and  to  learn  the  exact  nature 
of  the  experiment,  he  made  seven  records.  From  these  the  fatigue 
sets  were  formed  whose  averages  are  shown  in  Table  V,  Observer  C. 

The  rhythmical  movement  is  very  manifest  in  all  his  records. 
With  him  fatigue  increases  the  estimate  of  the  distance  between 
two  objects  lying  in  the  same  line  of  vision.  The  increase  is  not  so 
rapid  in  the  last  as  in  the  first  part  of  the  experiment.  These  con- 
clusions agree  with  those  obtained  from  the  binocular  work. 

The  accuracy  of  decision  of  this  observer  was  somewhat  surprising. 
Sometimes  I  manipulated  the  apparatus  and  moved  it  as  he  ordered. 
He  could  easily  detect  the  "  too  far  "  or  "  too  near  "  when  the  bead 
was  moved  more  or  less  than  he  desired.  His  judgments  were  made 
entirely  from  what  he  saw  and  not  from  the  noise  of  the  slide  or  the 
amount  of  cord  used. 

The  results  here  recorded  conclusively  show  that  fatigue  of  accom- 
modation has  an  influence  on  localization  in  depth.  If  the  conclu- 
sions of  H[LLEBBA.ND  Concerning  the  total  failure  of  accommodation 
to  aid  a  judgment  of  depth  are  to  be  accepted,  as  they  apparently 
must  be,  it  is  very  difficult  to  see  any  possible  explanation  for  the 
fact  that  fatigue  of  accommodation  influences  such  judgments. 

Effect  of  fa.tigub  on  the  time  of  monoculab  accommodation. 

In  the  Studies  for  1893  Seashore*  gives  the  result  of  researches 
made  on  monocular  accommodation-time.     On  page  69  he  says  :  ''  In 


^  Seashore,  On  monocular  accommodation  time^  Stud.  Yale  Psych.  Lab.,  1892-9S 
I  56. 


88  JI  M.  Moore^ 

regard  to  fatigue,  however,  my  results  are  contrary  to  the  usoa! 
supposition.  Experiments  of  some  300  accommodations  in  one  con- 
tinuous set  do  not  support  that  theory  [increase  of  time].  Fatigue 
soon  sets  in  and  may  become  very  painful,  but  as  long  as  the  eye 
can  accommodate  clearly  it  causes  a  fluctuation  in  time  which  tends 
more  to  accelerate  than  tp  retard  the  velocity  of  accommodation.'^ 
The  researches  which  I  had  carried  out  seemed  to  show  the  opposite 
result  and  in  conjunction  with  Mr.  Seashore  the  experiments  were 
repeated. 

Apparatus, 

The  apparatus  was  virtually  that  used  by  Sbashorb  with,  perhaps^ 
some  improvement.  As  my  experiment  was  to  determine  the  effect 
of  fatigue,  only  one  mode  of  accommodating  was  used,  that  from  far 
to  near. 

The  distance  remained  the  same.  From  the  far  object  to  the  near 
object  the  distance  was  825^  while  from  the  near  object  to  the  eye 
it  was  23^.  The  far  object  was  a  large  capital  E  with  a  height  of 
25™*°  and  the  near  object  was  a  small  capital  e  with  a  height  of  7°^^ 
fastened  on  the  slide  of  the  camera  shutter.  The  far  point  remained 
stationary  while  the  nearer  was  presented  or  removed  by  a  sudden 
movement  of  the  shutter.  A  brass  tube  extended  from  the  eye  to 
the  shutter.  When  the  slide  was  up,  the  eye  could  see  nothing 
except  the  large  letter  on  the  white  back-ground.  When  the  slide 
was  down  only  the  small  letter  could  be  seen.  When  the  shutter 
fell,  an  attached  copper  wire  made  an  electrical  contact  with  a  wire 
carrying  a  current  through  the  spark  coil  to  the  battery.  The  other 
wire  extended  from  the  shutter  through  a  closed  circuit  reaction-key,, 
by  means  of  which  the  current  could  be  interrupted.  The  other 
arrangements  for  recording  were  similar  to  those  used  by  Bliss.^ 

The  slide  was  raised  and  the  observer  focused  on  the  far  object. 
The  experimenter  touched  a  key  which  was  electrically  connected 
with  a  sounder  in  the  recording  room.  The  recorder  pushed  down 
a  key  which  closed  the  primary  circuit.  The  experimenter  now 
snapped  the  slide  ;  this  made  a  dot  on  the  smoked  paper  and  then 
closed  the  circuit.  As  soon  as  the  observer  saw  the  small  b  dearly 
and  distinctly,  he  broke  the  circuit  by  the  reaction-key,  thus  making 


*  Bliss,   Inve/itujations  in  reaction-time    and   attention.    Stud.   Yale   Psych,    Lab.^ 
1892-93  I  1  (7). 
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another  dot  on  the  smoked  paper.  When  the  recorder  saw  the  two 
sparks,  he  raised  the  key  and  kept  oat  all  farther  sparks  antil  the 
fifth  repetition  of  the  experiment  in  qaick  saccession.  A  record 
was  thus  made  of  the  time  of  every  fifth  experiment  The  wave 
lengths  between  the  two  dots  coald  easily  be  coanted  and  the  time 
of  accommodation  obtained.  This  time  inoladed  the  sabject's  reg- 
ular reaction-time. 

The  observer  was  asked  to  use  his  stronger  eye.  The  other  eye 
was  kept  closed  by  the  hand  or  by  a  bandage,  as  he  might  choose. 

He  sat  with  his  back  to  a  window  which  admitted  excellent  light 
on  the  nearer  b.  The  large  E  was  illuminated  by  reflected  light 
from  a  window  in  an  adjoining  room.  Only  those  persons  were 
used  who  were  accustomed  to  being  experimented  upon.  Only  a 
few  records  were  counted  before  all  the  experiments  were  completed; 
thus  no  suggestion  of  the  result  could  enter  as  a  prejudice.  Of 
the  six  persons  taken,  two  had  according  to  their  own  previous  state- 
ments very  healthy  eyes,  two  the  average,  and  two  below  the  average  ; 
I  thus  made  sure  that  no  diseased  eye  was  used.  All  were  faithful 
observers. 

Five  sets  of  records  in  hundredths  of  a  second  were  made  on  Mr. 
Seashore  and  myself ;  the  averages  are  shown  in  Table  YI.  In 
order  to  compare  my  results  with  those  taken  in  1893  by  Mr.  Sea- 
shore, every  tenth  experiment  was  recorded  in  my  case. 

The  average  duration  of  a  set  of  experiments  was  twenty-seven 
minutes.  Each  set  contained  300  accommodations  or  more.  On 
account  of  the  shortness  of  the  drum  only  70  accommodations  could 
be  recorded ;  this  was  the  original  reason  for  recording  every  fifth 
result. 

In  the  experiments  on  Mr.  Seashore  the  time  is  decreased  for  the 
first  four  records  ;  this  may  be  due  to  the  fact  that  attention  increases 
during  that  period.  The  curve  then  continues  to  rise  till  the 
thirty-fifth  is  reached.  From  there  to  the  close  very  little  increase 
is  perceptible.  This  phenomenon  is  in  perfect  accord  with  the 
results  previously  spoken  of.  The  experiment  closed  before  the 
work  became  painful. 

One  of  the  persons  experimented  upon  by  Sbashobb  in  1803  was 
myself.  My  record  was  the  most  nearly  complete  which  he  obtained. 
It  was  made  May  4,  1 893.  Each  tenth  accommodation  was  recorded. 
Table  VI  shows  the  record  complete.  A  slight  increase  is  evident. 
Fatigue  had  not  manifested  itself  in  any  painful  sensations.  The 
note  made  then  I  copy  here  entire,  '^  I  found  no  trouble  in  seeing 
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the  object  at  mj  time.  I  held  my  right  eye  closed  by  its  own  lid 
muscles.  When  I  left  the  chair  and  looked  at  the  objects  in  the 
room,  the  eye  coald  not  accommodate  so  easily  as  usual,  although  I 
felt  little  fatigue  while  at  the  tube.  The  temperature  of  the  seeing 
eye  was  higher  than  that  of  the  other.  At  one  time  I  felt  a  little 
pain  in  the  upper  part  of  the  eye  but  my  attention  was  called  to 
something  else  and  I  felt  the  pain  no  more.     When  I  quit  reacting, 

Table  VI. 

No.  ofexper 1  6   11  16   21  26   31  36   41  46   61   66 

Seashore 36  34   32  29   33  38   45  42   44  60   60   60 

Moore,  1893 36  35  36  30  26       32 

Moore,  1894 30  31  32  31  31       52 

No.  ofexper. 61  66   71  76   81  86   91  96  101  106  111  116 

Seashore 41  49   44  61   58  54   64  57   58  51   48   38 

Moore,  1893 37       35       32       80       39  36 

Moore.  1894 33              46       48  42 

No.  ofexper 121  126  131  136  141  146  151  156  161  166  171  176 

Seashore 54  63   70  40   56  62   58  65   67  64   77   7e 

Moore,  1893 46  34  39  38  56  37 

Moore,  1894 48  58  42  51  41  63 

No.  ofexper 181  186  191  196  201  206  211  216  221  226  231  23S 

Seashore 58  54   61  75   68  61   79  82   72  62   66   6S 

Moore,  1893 54  45  39  30  34  48 

Moore,  1894 70  65  71  79  57  98 

No.  ofexper. 241  246  251  256  261  266  271  276  281  286  291  2S6 

Seashore 58  51   55  69   61  64   47  55   71  62   62   87 

Moore,  1893 34  31  45  48  40  43 

Moore,  1894 64  53  61 

No.ofexper 301  311  321  331  341  351  361  371  381  391 

Moore,  1893 43   42   43   45   43   50   47   54   43   46 


I  thought  I  could  have  gone  on  much  longer,  but  I  found  that  for 
twelve  minutes  my  eye  felt  the  fatigue,  and  at  times  a  slight  pain,  or 
at  least  uneasiness,  was  perceptible  in  a  part  of  the  eye.*' 

From  these  it  is  easily  seen  that  fatigue  had  not  appeared  to  any 
great  extent.  On  Aug.  8, 1894,  other  experiments  were  made  similar 
to  the  former  ones.  My  physical  condition  was  not  so  good  as 
when  the  first  was  taken.  Each  tenth  accommodation  was  recorded. 
I  was  unable  to  go  beyond  the  26l8t  experiment  because  of  seyere 
pain  in  the  eye.  Table  VI.  gives  this  record  also.  The  record 
begins  with  0.30"  and  closes  with  about  0.61'.  The  time  is  doubled* 
Fatigue  had  thus  greatly  increased  the  time. 
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The  three  results  are  shown  in  &g.  IS. 

Other  experiments,  not  iaoloded  in  the  table,  were  made  in  which 
every  fifth  accommodation  was  recorded.  They  begin  with  about 
D.40*  and  close  with  about  0.S5'.  These  records  show  only  about  240 
accommodations  in  a  set,  as  the  eyes  had  been  weakened  by  other 
work.  The  farther  object  would  become  indistinct,  or  pains  would 
give  warning  to  close.  The  experiments  on  myself  show  concla- 
sively  that  fatigue  does  increase  the  time  of  accommodation. 


Fig.  13. 

KumerouB  records  taken  on  four  other  persons  show,  without 
exception,  a  large  increase  in  the  time  as  fatigue  progressed.  This 
fact  can  be  considered  as  definitely  established,  Sbabhobe'b  state- 
ment to  the  contrary  being  founded  on  experiments  that  did  not 
continue  long  enough.  His  method  was  also  less  fatiguing  beoanse 
he  allowed  more  time  between  each  accommodation. 

Since  only  every  fifth  accommodation  was  recorded,  the  rhythmical 
movement  which  was  so  prominent  in  the  previous  work  does  not 
appear  so  plainly  in  this.  The  records  in  this  seem  to  be  much  more 
irregular  than  in  the  preceding  work,  Mr.  Seashore,  however,  made 
this  note  among  other  introspective  observations.  "There  seemed 
to  be  a  rhythmic  fluctuation  of  the  time  and  effort  it  took  to  accom- 
modate clearly,"  This  introspective  observation  is  corroborated  by 
that  of  another  observer.  Could  the  experiments  have  been  recorded 
singly  it  is  highly  probable  that  the  rhythmic  fluctuations  would 
have  been  fully  as  prominent  as  in  any  other  work.  If  the  rhythm 
is  due  to  attention  there  is  no  reason  why  it  should  not  appear. 


92  t/I  M.  MooTt^ 

Effect    of    fattgus    on    the     maximuii    bate    of    voluntabt 

liOVEMENT. 

Dresslab*  found  that  the  time  of  making  300  taps  varies  with 
the  mental  and  physical  condition  of  the  individual,  and  that  fatigue 
caused  a  decrease  in  rapidity  when  the  experiment  was  extended 
beyond  300  taps.  Bliss',  with  superior  methods,  showed  the  effect 
of  changes  in  the  state  of  attention  upon  the  rapidity  of  making 
taps,  and  proved  that  fatigue  caused  a  decrease  in  the  rate  soon  after 
100  taps. 

In  the  following  experiments  the  methods  were  still  further 
improved.  The  subject  was  seated  in  an  isolated  room  which 
admitted  neither  light  nor  sound  except  when  desired.  There  was  a 
table  of  convenient  height  on  which  to  rest  the  arm.  The  arm  was 
strapped  firmly  to  a  block  of  wood  reaching  beyond  the  elbow. 
The  end  of  the  block  was  so  cut  and  shaped  as  to  fit  the  palm  of  the 
hand,  and  thus  to  let  the  hand  grasp  it  without  any  inconvenience. 
No  part  was  free  to  move  except  the  index  finger.  A  rod  clamped 
to  the  table  acted  as  support  for  a  reaction-key  previously  described.* 
This  key  was  fastened  upside  down  by  the  clamp.  The  primary 
circuit  for  the  spark  coil  passed  to  the  binding  post  at  the  bottom  of 
the  key  and  to  the  movable  slide.  A  spark  was  thus  made  at  every 
upward  movement  of  the  slide.  The  registering  was  done  on  the 
drum  by  sparks  directly  on  the  time-curve  written  by  a  marker  con- 
nected with  the  100  v.  d.  electric  fork.  With  the  key  thus  connected 
the  circuit  was  closed  when  the  finger  was  in  a  partially  bent  or 
natural  position.  The  adjustable  slide  was  set  so  as  to  give  an 
excursion  of  5™"^.  The  record  was  made  when  the  finger  began  an 
extensor  movement. 

The  subject  was  to  begin  when  warned  by  a  click  from  the  sounder 
at  his  side  and  to  continue  to  tap  as  rapidly  as  possible  until  his 
finger  could  move  no  more,  or  until  told  to  stop.  The  finger  was 
never  completely  fatigued  because  sufficient  records  could  not  be 
gotten  upon  the  drum.  I  once  made  480  taps  but  am  quite  sure  that 
I  could  not  have  made  100  taps  more  at  the  close  of  any  record,  for 
it  was  always  with  great  difficulty  that  the  last  50  or  75  were  miade. 


^  Dresslar,    Some,    influences   nihich   affect    the    rapidity   of  voluntary   movements^ 
Am.  Jour.  Psych.,  1891  IV  514. 

•  Bliss,  Investigations  in  reactiort'tiine  and  attention,  Stud.  Yale  Psych.  Lab.,  1892* 
1893  I  45-49. 

•  Scripture  and  Moore.    A  new  rt'octum-key   and  the  time  of  voluntary  movement^ 
Stud.  Yale  Psych.  Lab.  1892-93  I  88. 


Studies  of  fatigue.  93 

The  usual  experience  was  as  follows :  Pain  was  first  felt  in  the 
muscles  of  the  forearm,  then  in  the  upper  arm.  Suddenly  the  blood 
rushed  to  the  face  and  head,  and  the  temples  were  filled  with  sharp 
pains.  The  whole  right  side  (the  work  was  done  with  the  index 
finger  of  the  right  hand),  seemed  to  partake  of  the  trouble.  After 
the  experiment  was  completed,  the  arm  seemed  paralyzed.  I  could 
not  even  handle  the  record-sheet  with  safety.  The  arm,  especially 
the  forearm,  and  often  the  shoulder  would  feci  painful  for  a  half 
hour  afterward.  Restoration  was  not  complete  in  less  than  two 
hours  and  a  half. 

Three  records  were  made  on  myself.  The  individual  taps  of  each 
record  were  placed  in  successive  groups  of  10,  and  the  average  of 
each  group  was  calculated.  For  the  final  results  the  average  was 
taken  of  the  three  original  averages  for  each  group.  Such  a  con- 
densation of  results  was  necessary  because  the  3  records  gave  480  X 
3  =  1440  individual  records,  whose  relative  values  could  not  well  be 
grasped,  and  also  because  the  changes  within  a  group  of  10 
were  so  small  that  the  course  of  the  fatigue  function  became  evident 
to  the  eye  only  when  the  unit  of  the  argument  was -made  larger  than 
a  single  tap. 

The  final  averages  in  my  own  case  expressed  in  thousandths  of  a 
second,  ran  as  follows :  200  195  192  194  198  198  208  221  229  221 
230  238  230  231  235  240  244  244  248  246  257  241  213  254  256 
248  240  240  246  243  249  263  255  301  290  276  275  277  321  320 
300    340   325    322    288    293    308   359. 

In  the  records  the  fatigue  is  manifested  by  the  time  the  seventieth 
tap  is  reached.  In  the  final  average  it  is  clearly  shown  at  the 
seventh  group,  which  includes  the  71st  to  80th  taps. 

A  professional  comet  player,  who  had  not  played  for  a  year, 
showed  no  fatigue  before  150  taps  had  been  made.  A  woman  who 
played  on  the  piano,  showed  no  fatigue  until  200  taps  were  made. 
She  affirmed  that  she  felt  no  fatigue,  but  the  incipient  fatigue  had 
left  its  traces  in  the  records  beyond  the  200th  tap.  There  was  a 
very  slow  increase,  and  consequently  even  at  the  end  it  was  not  very 
large. 

In  my  record  the  rate  of  tapping  increases  for  the  first  three  groups 
of  ten.  Then  there  is  a  decrease  in  the  rate  for  the  next  six  groups. 
Then  it  increases  slightly,  and  then  decreases  again.  A  rhythm 
seems  to  manifest  itself.  It  is  seen  better  in  the  individual  records 
like  the  one  shown  in  ^g.  14  than  in  the  general  one. 

A  summary  of  the  figures  of  the  experiment  made  Nov.  11,  1893, 
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10  ▲.  M.,  18  given  in  Table  VII,  as  illastrating  the  process  of  fatigue. 
In  this  experiment  470  taps  were  recorded.  These  470  taps  were 
pat  in  groups  of  ten  and  their  averages  taken.  By  comparing  these 
averages,  the  rate  of  tapping,  and  its  increase  or  decrease,  are  readilj  . 
seen  throughout  the  series.  N  gives  the  number  of  the  set  of  ten 
records. 

The  mean  variation  was  found  by  taking  the  average  of  the  indi- 
vidual deviations  from  the  average  of  its  own  group  of  ten.  This 
does  not  always  increase  steadily  with  increase  in  the  average  ;  but 
after  fatigue  has  become  very  prominent  the  variation  becomes  very 
large. 

Table  VII. 
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47 
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75 

16 
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12 

32 
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18 

My  tap-time  cannot  be  closely  compared  with  those  of  Bliss  and 
Dbesslab,  who  simply  tapped  and  released  a  telegraph  key,  whereas 
I  moved  a  slide  5™™  and  back.  My  time  is  that  of  the  complete 
excursion,  the  time  up,  the  time  at  rest,  and  the  time  down  com- 
bined. 

The  results  of  this  record  on  myself  are  presented  in  fig.  14. 
The  fluctuating  nature  of  the  tapping  is  made  evident ;  quite  note- 
worthy are  the  extremely  long  taps  that  occur  with  increasing 
frequency  toward  the  end.  These  fluctuations  probably  bear  some 
relation  to  those  observed  by  Lombard*  when  weights  are  repeatedly 
lifted. 


^Lombard,  The  effect  of  fatigue  on    voluntary  muscular    contractions.  Am.   Jour. 
Psych.,  1890  in  24. 

Lombard,  Effet  de  la  fatigue  sur  la  contraction  musculaire  voluntaire,  Archives 
itaUenne  de  biologio,  1890  XIII  371. 

Lombard,   Influences  which  affect  the  power  of  voluntary  muscular  contractionij 
Jour.  Physiology,  1892  XIII  1. 


Stadie$  of  fatigue.  95 

The  records  thas  prove  that  fatigue  lengthens  the  time  required 
for  repeating  the  voluntary  movement  of  tapping  at  a  mazimam 
rate,  that  the  increase  is  Dot  a  steady  but  a  flactuating  one  and  that 
the  irregularity  in  the  repeated  movement  also  increases. 


.,w...v^». 


GbNXBAL   COKCLITSIOtlS. 

The  conclueioDs  for  each  hind  of  experiment  have  been  ^ven  in  the 
appropriate  sections.  Here  I  wish  to  call  attention  to  the  two  gene- 
ral chararacteristicB  of  fatigue,  namely,  an  average  change  directly 
in  the  phenomenon  influenced  and  a  change  in  the  range  of  variation 
around  the  average.  The  average  change  might  be  called  the  coeffi* 
cient  of  inaccuracy  and  the  mean  vaiiatioa  the  coefficient  of  irregu- 
larity ;  then  the  law  can  be  stated  that  both  tbe  coefficient  of  inaccu- 
racy and  the  coefficient  of  irregularity  are  increased  by  fatigue.  It 
would  hardly  be  justifiable  to  give  a  more  precise  quantitative  form 
to  the  law  ezcept  by  saying  that  the  increase  is  most  rapid  at  first, 
and  then  steadily  slower.  A  final  point  to  be  noticed  is  the  increas- 
iogly  frequent  recurrence  of  extreme  results  as  fatigue  progresses. 


SOME    EXPERIMENTS    ON  THE  REACTION-TIME   OP   A 

DOG. 

BY 

Edwabd  M.  Wbyeb. 

The  psychological  aspect  of  reaction-time  may  be  presented  in  the 
following  manner.  When  I  am  the  person  experimented  upon,  the 
phenomenon  measured  under  reaction-time  includes  two  mental  pro- 
cesses, perception  and  volition  ;  when  I  measure  another  person's 
reaction-time,  I  infer,  from  analogy  with  my  own  organism,  that  the 
acts  of  perception  and  volition  occurred  in  him  also.  Likewise,  when 
the  experiment  is  arranged  so  as  to  involve  in  my  own  case  discrimi- 
nation and  choice,  I  assume  that  it  involves  similar  mental  processes 
in  others. 

We  have  every  reason  to  believe  that  when  the  arrangements  for 
simple  and  complicated  reaction-times  are  applied  to  animals  such  as 
apes,  dogs,  etc.,  mental  processes  more  or  less  similar  to  our  own 
take  place.  It  seems  but  a  logical  inference  that  the  methods  of  experi- 
mental psychology  should  be  applied  to  the  study  of  animals  ;  suc- 
cess in  systematized  work  in  this  direction  ought  to  lead  to  a  science 
of  comparative  psychology  as  accurate  and  well  established  as  that 
of  comparative  anatomy. 

In  the  present  case  I  attempted  to  determine  the  simple  reaction- 
time  and  the  reaction-time  with  discrimination  and  choice  in  the  case 
of  a  dog.  The  first  problem  was  successfully  solved  ;  the  second 
only  partially. 

In  determining  the  simple  reaction-time  the  usual  spark  method 
was  employed.*  Pressing  down  the  multiple-key  sent  a  moderately- 
strong  electrical  impulse  to  the  forefoot  of  the  dog  and  at  the  same 
time  made  a  spark  on  the  drum.  The  withdrawal  of  the  foot  pro- 
duced another  spark  by  means  of  a  lever  j)laced  upon  it. 

The  results  gave  :  average,  89^  (^=:  0*001  sec.)  median,  86^  ;  mean 
variation  for  a  single  experiment,  19^  ;  mean  variation  for  the  series 
of  21  experiments,  4*^. 


*  Bliss,  InvestUjations  in  reactioTi-time  and  attention,  StucL  Yale  Peych,  Lab.,  1892— 
1893  I  7. 
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Some  experiments  on  the  reaction-time  of  a  dog.  97 

The  reaction  time  is  shorter  than  that  for  man.  Average  times  as 
short  as  111^  have  been  recorded*  for  a  shock  in  the  hand.  The  mean 
variation  is  about  that  of  the  average  untrained  person. 

The  attempt  to  add  the  processes  of  discrimination  and  choice  met 
with  sei-ious  difficulties  in  the  way  of  methods  and  apparatus. 

The  first  difficulty  lay  in  a  method  of  getting  the  dog  to  discrimi- 
nate between  two  objects.  Complete  success  was  found  in  the  use 
of  two  telephones  on  the  floor,  at  about  a  meter  apart,  either  one  of 
them  being  clicked  by  an  electric  current.  Through  the  incitement 
of  a  piece  of  meat  for  a  few  times  when  a  click  occurred,  the  dog 
was  led  to  watch  carefully  and  to  turn  his  bead  at  once  in  the  direc- 
tion of  the  click.  To  keep  him  in  a  state  of  attention  ready  for 
either  click,  the  person  having  the  food  stood  in  front  so  that  the 
dog  looked  midway  between  the  telephones. 

The  next  difficulty  lay  in  inventing  a  key  to  record  the  moment  of 
movement  of  the  dog's  head,  as  he  turned  toward  the  click.  A 
muzzle  was  placed  on  the  head  and  the  key  screwed  to  the  nose- 
piece.  Two  keys  were  made.  One  of  them  was  on  the  principle  of 
a  small  weight  supported  by  an  elastic  metal  rod,  the  rod  being 
surrounded  closely  but  not  touched  by  a  metal  ring  ;  owing  to  the 
inertia  of  the  weight,  the  movement  of  the  head  caused  the  ring  to 
touch  the  rod  and  to  close  an  electric  circuit.  The  other  key  con- 
sisted of  a  small  ball  rolling  in  a  metal  cylinder.  It  made  electrical 
connection  between  a  small  metal  plate  on  the  base  of  the  cylinder 
and  the  inner  surface  of  the  cylinder. 

For  various  reasons  neither  of  these  keys  worked  satisfactorily  and 
up  to  the  time  the  investigation  was  necessarily  closed  not  enough 
records  had  been  taken  to  establish  a  result.  If  a  result  had  been 
obtained,  the  time  for  the  acts  of  discrimination  and  choice  could 
be  found  by  subtracting  the  simple  reaction-time  from  the  latter 
one.  If  we  admit  the  analogy  between  human  life  and  dog  life, 
there  is  now  nothing  in  the  way  of  finding  how  fast  a  dog  discrimi- 
nates and  chooses  except  difficulties  with  the  recording  key. 


^v.  Kries  und  Auerbach,  Dit  ZeUdau^r  einfachaier  paychischer  Vorgdnge^  Arch. 
f.  Physiologie  (Du  Bois-Reymond),  1877  312. 
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SOME  NEW  APPARATUS. 

BY 
E.    W.    SOBIPTURB. 

The  constant  activity  of  the  laboratory  workshop  daring  the  two 
years  since  its  first  productions  were  described^  has  resulted  in  over 
fifty  new  pieces  of  apparatus  for  the  purposes  of  research  and  demon- 
stration. Of  these  I  have  selected  for  description  only  a  few  whose 
fundamental  ideas  may  be  serviceable  to  the  investigator. 

Pendulum  chronoscope. 

The  spark  method  previously  described'  has  reduced  the  labor  of 
making  records  of  reaction-time  to  a  point  lower  than  obtainable  by 
any  other  method  recording  accurately  in  thousandths  of  a  second. 
The  apparatus,  however,  is  not  portable.  We  set  ourselves,  there- 
fore, to  produce  an  apparatus  fulfilling  the  following  requirements  : 
1,  accuracy  to  the  thousandth  of  a  second  ;  2,  ease  in  transport ;  3, 
readiness  of  setting  up  ;  4,  quickness  in  reading  ;  5,  availability  for 
many  kinds  of  experiments  on  time.  These  requirements  were 
met  after  eight  months  of  labor  by  the  first  pendulum -chronoscope. 
Two  chronoscopes  were  built  later,  but  the  model  remained  essentially 
the  same. 

The  pendulum-chronoscope  contains  in  the  first  place  an  accurately 
adjusted  double-bob  pendulum.  This  pendulum  is  held  by  a  catch 
at  the  right  hand  side.  In  making  an  experiment  this  catch  is 
pressed  noiselessly  and  the  pendulum  starts  its  swing.  It  soon  reaches 
a  light  pointer  held  in  position  by  a  delicate  spring  and  carries  it 
along.  At  exactly  the  moment  it  takes  up  the  pointer  it  presses  a 
delicate  catch  which  releases  the  mechanism  beneath  the  base.  This 
mechanism  is  adjusted  to  do  several  things  ;  one  of  them  is  to  drop 
a  shutter  which  covers  an  opening  in  a  metal  plate  at  the  back  of 
the  chronoscope.  The  person  experimented  upon  is  seated  at  the 
back  ;  owing  to  the  curtain,  he  can  see  nothing  but  the  metal   plate 


iSCBiPTDBB,  Some  new  apparatus^  Stud.  Yale  Psych.  Lab.,  1892-93  I  97. 

•  Bliss,  Investigations  in  reaction-time  and  attention^  Stud.  Yale  Psych.  Lab.,  1892*98 
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e  new  apparatus. 


9S 


with  the  covered  opening.  He  finds  before  him  a  rabber  button 
like  that  on  a  telegraph  key.  lie  ia  to  press  this  batten  as  bood  as 
he  sees  the  shatter  move.  He  does  so,  and  another  mechaniam 
releases  a  horizontal  bar  running  behind  the  scale.  The  pointer 
swingfl  between  this  bar  and  the  scale  and  is  oonseqaently  stopped 
when  the  bar  snaps  against  the  scale.    The  pointer  starts  to  move 


Fig.  15. 

when  the  shutter  starts  to  fall  and  consequently  any  time  that 
elapses  thereafter  will  be  indicated  by  the  distanoe  through  which 
the  pointer  travels  before  being  caught.  The  connection  of  the 
pointer  with  the  pendalam  is  so  light  that  it  continues  its  swing 
(fig.  15)  and  is  finally  caught  on  the  other  side. 

The  scale  in  front  is  graduated  by  actual  comparison  with  tuning- 
fork  records  made  by  the  finest  graphic  methods.  Special  electrical 
contacts  are  arranged  so  that  the  units  of  the  scale  indicate  always 


100  E,  TT.  Scripture, 

the  elapHcd  time  between  the  starting  of  the  shutter  and  the  pressing 
of  tlie  button.  That  is  to  say,  all  lost  time  in  the  action  of  the 
meclianism  is  taken  up  in  t)ie  scale.  All  irregularities  of  the  instru- 
ment would  also  appear  in  the  records.  The  vital  point  of  the  con- 
struction is,  therefore,  accurate  adjustment ;  this  has  been  so  success- 
fully attended  to  that  the  mean  variable  error  of  the  instrument  does 
not  exceed  0.0()2'.  The  scale  is  marked  in  hundredths  and  half 
hundredths  ;  the  latter  space  is  readily  divided  by  the  eye  into  fifths, 
thus  giving  records  in  thousandths  of  a  second. 

For  reaction  to  light,  colored  cards  are  inserted  into  a  holder  just 
behind  the  shutter,  or  a  reflecting  surface  at  this  point  receives  light 
coming  from  the  side  and  sends  it  through  colored  glass  or  gelatine. 
When  several  different  colors  are  to  be  used,  a  wheel  containing  them 
is  |>laco<l  just  behind  the  shutter.  This  wheel  was  left  off  the  chrono- 
Hoope  shown  in  the  figure,  but  considerable  experience  has  proved 
that  the  state  of  mind  of  the  person  experimented  upon  differs  greatly 
according  as  he  supposes  the  order  of  presentation  of  colors  to  be 
left  to  chance  or  to  the  experimenter.  To  present  them  by  chance 
all  the  compartments  in  the  wheel  are  filled  with  two,  three,  or  more 
colors  as  desired  ;  the  wheel  is  given  a  twirl  and  is  stopped  without 
any  knowledge  of  what  particular  color  is  ready  for  exposure. 

The  reactions  to  light  are  not  disturbed  by  noises,  as  the  pendu- 
lum makes  no  noise  either  at  release  or  during  its  swing  and  the 
shtitti'r  makes  only  a  faint  sound. 

Vuv  reactions  to  sound  without  further  apparatus  the  shutter  is 
arranged  to  strike  with  a  noise.  In  this  case  a  constant  quantity  is 
Mtibtracted  from  the  shutter  as  read.  For  sound-reactions  it  is  gener- 
ally preferable  to  insert  a  telephone  either  with  or  without  a  battery 
in  circuit  with  the  platinum  contact  about  to  be  described. 

The  shutter  rests  against  a  platinum  point  in  such  a  way  that  its 
ui(»venient  can  be  used  to  break  an  electric  circuit  ;  this  can  be  used 
for  pHMlucing  lights,  sounds,  electric  shocks,  etc.  A  strong  electro- 
magnet is  placed  beneath  the  base  in  such  a  way  that  it  can  take  the 
idaeo  t>f  the  button  :  thus  the  pointer  can  be  caught  by  the  move- 
uuuit  of  a  key  in  the  hands  of  a  distant  person.  An  arrangement  is 
alm^  prt>vitieti  whereby  the  )>endulum  itsolf  is  n-leased  electrically. 
Still  further  nuvhanisms  are  addeil  for  various  purposes. 

1  may  add  that  the  chronoscope  has  fultilled  all ex|>ectat ions;  inpar- 
itvillar^  the  fact  of  its  constant  readiness  for  use  without  a  moment's 
4l)l^  ha«k  been  a  great  inducement  for  employing  it  in  research  and 
JlMMMtration. 


Standard  drrtm. 

For  records  where  great  conBtancy  of  revolution  is  desired  we  use 
the  stan<!ard  drum,  fig.  16.  This  consists  of  a  very  heavy  wheel 
revolving  on  a  vertical  axis.  The  sliding  carriage  to  the  right  is 
arranged  to  carry  a  fork  or  a  marker.  Od  the  top  of  the  drum  there 
is  an  automatic  break.  A  rigid  arm  projects  from  the  axle ;  as  it 
passes  a  certain  point,  it  trips  a  lever  and  breaks  an  electric  circuit. 

In  using  the  automatic  break  the  drum  is  turned  slowly  till  the 
arm  just  touches  the  lever.  The  marker  is  then  run  vertically  down- 
ward so  that  its  trace,  the  zero  line,  shows  the  true  position  of  its 
point  when  the  circuit  is  broken. 


Fig.  1«. 

Wlu-n  the  drum  is  used  for  react  ion -times,  the  atimnliis,  e.  g.  light, 
sound,  etc.,  is  produced  by  the  break  either  in  direct  circuit  or  shunt 
as  the  case  may  require.  The  drum  is  run  at  any  desired  speed,  and 
the  marker  or  fork  draws  the  time  line.  The  distance  between  the 
zero  line  and  the  reaction  spark  gives  the  elapsed  interval. 

The  automatic  break  has  a  special,  very  important  use  in  finding 
the  latent  times  of  markers,  spark-coils,  etc.  For  markers  this  must 
be  done  separately  for  make  and  break  on  every  occasion.  For 
.-park  coils  used  in  the  way  described  it  is  necessary  to  do  this  only 
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once.  One  reason  is  that  when  the  multiple  key'  ib  ased,  the  latent 
time  at  each  end  of  the  record  will  uaquestionahlj  be  the  same,  and 
80  dieappean.  Another  reason  appears  in  the  results  of  the  follow- 
ing experimentB.  The  automatic  break  was  inserted  in  the  primary 
circuit  of  the  spark  coil,  (I  inch  Ritchie  with  condenser  aronnd  the 
break)  with  4  amperes  of  current ;  the  secondary  circait  was  arranged 
to  make  a  spark  off  the  point  of  the  time  marker,  vibrating  100  timea 
per  second. 


J 
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The  exact  pusition  of  the  automatic  bvc.ik  was  marked  on  the 
paper  ;  this  could  hi-  determined  within  an  ei-rar  of  lees  than  O.l""". 
The  drum  wan  then  revolved  at  high  wpced  ancl  a  record  was  taken 
with  a  spark  prodnced  by  the  break.  The  spetd  of  the  drum  vas 
so  great  that  an  interval  of  O.Ol"  occupied  2B"'"';  the  great  regularity 
of  the  drum  enabled  us  to  treat  the  interval  as  constant  throitgliont. 
The  lag  of  the  spark  was  measured  in  tenths  of  a  millimeter.  The 
quotient  of  the  lag  divided  by  the  length  of  the  wave  gave  the  time 


' SOBIPTOaR,  Seme  new  appaeatiia.  Stud.  Tnle  Psjch   Lab.. 


Some  neu)  apparatus,  103 

of  lag.  The  result  of  six  measuremeDts  gave  :  mean  time  of  lag, 
0.00014' ;  mean  error  for  the  series,  0.000015' ;  mean  error  for  a  single 
experiment,  0.00009*  ;  largest  error  occuring  in  our  determination, 
0.00032'. 

The  mean  time  of  lag  is  so  small  that  it  is  quite  negligible  except 
where  accuracy  to  the  ten  thousandth  of  a  second  is  required,  e.  g. 
in  graduating  a  chronoscope.  The  mean  error  completely  disposes 
of  an  objection  seriously  urged  against  the  spark-method,  namely, 
that  the  spark  jumps  irregularly  through  the  paper  ;  with  the  paper 
used  in  this  laboratory  (glazed  paper  for  covering  pasteboard  boxes) 
the  extreme  error  was  only  one-third  of  a  thousandth  of  a  second. 

Electric  color  wheel  with  speed  indicator. 

A  small  series-wound  motor  is  mounted  on  a  very  heavy  iron  base. 
A  suitable  arbor  to  hold  the  color  discs  is  placed  on  the  front  of  the 
axle.  A  prolongation  of  the  axle  to  the  rear  carries  two  arms  like 
those  of  an  engine  governor,  which  diverge  from  the  axle  according 
to  the  speed  of  the  motor.  By  an  attachment  to  a  pointer  this  diver- 
gence can  be  read  off  on  a  scale.  By  an  electric  contact  in  combina- 
tion with  the  spark  method,  this  scale  is  graduated  in  revolutions 
per  second.  The  speed  of  the  motor  depends  on  the  amount  of  cur- 
rent sent  through  it  and  can  be  regulated  at  will.  The  apparatus  is 
shown  in  fig.  11, 

It  also  affords  the  means  for  investigating  the  flickering-point 
under  various  conditions.* 

Color  siffht  tester. 

The  usual  tests  for  color-blindness  fail  to  detect  those  who  are 
color-weak,  although  these  persons  are  really  color-blind  for  objects 
at  a  distance.  For  examinations  of  railroad  employes  and  sailors  I 
have  invented  a  convenient  instrument  which  not  only  detects  the 
color-blind  with  rapidity  and  accuracy  but  also  detects  the  color- 
weak. 

The  use  of  different  intensities  of  light  for  the  purpose  of  a  quan- 
titative determination  of  color-blindness  was,  I  believe,  first  made 
by  DoNDEBS.  In  the  form  of  a  very  cumbersome  lantern  by  Eld- 
ridge  Green  it  is  now,  I  understand,  ofiicially  adopted  by  the  English 
Board  of  Trade. 


^  Marbb,  Zur  Lehre  von  den  Oeaichtsempfindungen,  welehe  aut  sueassiven  Beixen  reml- 
iiren,  Phil.  Stud.,  1893  IX  384. 
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In  general  appearance  the  color  sight  tester  resembles  an  ophthal- 
iDoscope.  On  the  side  toward  the  person  tested,  fig.  18,  there  are 
three  circles  of  glass  one-quarter  inch  in  diameter,  numbered  1, 2  and 
3  respectively.  The  opponite  aide  of  (he  tester,  fig.  19,  consists  of  a 
movable  disk  carrying  twelve  glasses  of  different  colors.  As  this 
disk  is  turned  by  the  finger  of  the  operator  the  varioux  colors  appear 
behind  the  three  windows.     At  each  movement  of  the  disk  the  subject 


Fig.  IK 
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calls  off  the  colore  xcen  at  the  windows.  The  windowK,  1 , 3,  and  8  are^ 
however,  tilted  with  gray  glasses.  No.  1  carrier  a  very  dark  smoked 
glass  ;  all  colors  seen  through  it  will  be  dark.  No.  2  carries  a  piece  of 
ground  glas^i,  showing  all  colors  in  full  brightness.  No.  3  oarriea  a 
light  smoked  glass.  There  are  thus  thirty-Miit  possible  combiaatioiu 
of  the  colors.  The  twelve  glasses  are,  however,  mainly  reds,  greetia 
and  grays. 
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A  suitable  arrangement  of  the  colors  gives  direct  simultaneous 
comparisons  of  reds,  greens,  and  grays  of  different  shades.  The 
well-known  confusion  by  color-blind  persons  of  dark  greens  with 
reds,  greens  with  gray,  etc.,  are  exactly  imitated,  and  the  instrument 
gives  a  decisive  test  for  color-blindness.  Its  peculiar  advantage, 
however,  lies  in  the  fact  that  it  presents  reds,  greens,  and  grays 
simultaneously  in  a  large  number  of  different  shades  of  intensity. 
The  light  of  a  green  lantern,  as  it  appears  to  a  color-weak  person  at 
different  distances,  is  simulated  by  the  red  behind  the  different  grays  ; 
at  the  same  time  a  white  light  is  also  changed.  The  color-weak  per- 
son to  whom  weak  green  is  the  same  as  gray  (white  at  a  distance)  is 
utterly  confused  and  thinks  that  the  weakened  green  is  gray  (white) 
and  the  dark  gray  is  green. 

The  actual  test  is  performed  in  the  following  manner  :  The  tester 
is  held  toward  a  window,  but  not  in  the  bright  sunlight,  at  about  2^ 
feet  from  the  person  tested.  The  operator  begins  with  any  chance 
position  of  the  glasses,  and  asks  the  person  tested  to  tell  the  colors 
seen  through  the  three  glasses,  Nos.  1,  2,  and  3.  He  answers,  for 
example,  "  No.  1  is  dark  red  ;  No.  2  is  gray  ;  No.  3  is  green."  The 
operator  records  from  the  back  of  the  tester  the  letters  indicating 
what  glasses  were  actually  used.  Suppose  he  finds  that  A,  D,  and  G 
were  opposite  the  glasses  Nos.  1,  2,  and  3  he  records  :  A  1,  dark  red  ; 
D  2,  gray ;  G  3,  green.  The  disk  is  then  turned  to  some  other  posi- 
tion, the  colors  are  again  named,  and  the  operator  records  the  names 
used.  For  example,  the  result  might  be  :  "  No.  1  is  dark  green  ;  No. 
2  is  white  ;  No.  3  is  red."  and  the  record  would  read:  G  1,  dark 
green  ;  J  2,  white  ;  A  3,  red.  Still  another  record  might  give  ;  J  1, 
dark  gray  ;  A  2,  red ;  D  3,  medium  gray.  Similar  records  are  made 
for  all  combinations.  Of  course,  the  person  tested  knows  nothing 
concerning  the  records  made.  The  blank  thus  filled  out  is  forwarded 
to  the  chief  inspector  for  railway  or  marine  service.  A  comparison 
with  a  table  containing  the  true  colors  for  each  position  determines 
whether  the  test  has  been  passed  or  not. 

The  records  can  be  taken  by  any  one,  and,  on  the  supposition  that 
the  record  has  been  honestly  obtained  and  that  the  instrument  has 
not  been  tampered  with  after  leaving  the  central  oflice,  the  compari- 
son is  likewise  mechanical.  There  is  none  of  the  skillful  manipula- 
tion required  in  the  wool  test  and  none  of  the  uncertainty  attaching 
to  its  results.  The  only  instruction  given  to  the  subject  is,  *'  Name 
the  colors " ;  the  results  render  the  decision  with  mechanical  cer- 
tainty. 
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The  three  records  just  cited  were  all  obtained  from  the  red  glmaa 
Ay  the  gray  glass  D,  the  green  glass  G,  and  the  white  glass  3,  in 
combination  with  the  dark  gray  No.  1,  the  clear  No.  2,  and  the 
medium  gray  No.  8.  Those  familiar  with  color  blindness  will  noiioe 
that  these  combinations  place  side  by  side  the  colors  most  confnaed. 
More  important  still  is  the  fact  that  red,  green,  and  white  are  made 
to  undergo  changes  that  detect  the  color-weak.  Another  set  of 
colors  includes  red,  white,  green,  and  bine-green,  subject  to  all  the 
combinations.  For  green  I  use  the  ordinary  green  glass  common  on 
most  railways  ;  the  blue-gpreen  is  known  to  dealers  as  ^*  signal  grBen," 
and  is  frequent  on  the  water.  The  third  set  of  colors  is  an  additional 
test.  It  includes  orange-brown,  green,  blue,  and  violet.  These 
colors  are  confused  in  many  cases  of  color-weakness  and  color-blind- 
ness. 

Thought  and  action  apparatus. 

On  a  borisontal  rod  1  meter  long,  fig.  20,  there  are  placed  three 
metal  blocks.  A,  B,  C,  adjustable  at  any  distance  apart.  The  block 
A  carries  a  signal  and  is  arranged  so  that  a  movement  of  the  sig^nal 


Fig.  20. 

breaks  an  electric  circuit  at  a.  The  blocks  B  and  C  carry  lig'ht 
bamboo  rods  held  in  small  revolving  clamps.  On  touching  one  of 
these  rods  it  falls  and  in  doing  so  it  makes  electric  contact  for  an 
instant  at  e  or  t.  By  connection  with  the  spark  coil  records  are 
obtained  on  the  drum  for  each  of  the  three  movements. 

Let  it  be  required  to  determine  the  length  of  reaction-time  in  rela- 
tion to  the  intended  extent  and  velocity  of  movement.  The  finger 
is  placed  lightly  against  C  and  upon  a  signal  from  A  it  is  to  be 
moved  past  B.  The  time  between  the  sparks  from  A  and  C  is  the 
reaction-time  ;  the  time  between  those  for  C  and  B  is  the  time  of 
movement.  By  varying  the  distance  between  B  and  C  and  the  time 
of  movement  the  problem  can  be  answered  in  all  its  forms. 

By  omitting  B  the  instrument  serves  as  signal  and  reaction-key. 
By  reacting  to  a  movement  of  A  in  one  direction  and  not  in  the 
other  it  is  used  for  discrimination  and  choice.  By  using  B  and  C 
alone  it  is  an  apparatus  for  repeating  and  extending  the  investigft- 
tions^  on  the  time  and  extent  of  movement. 
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ThiB  serves  for  investigating  the  reaction-time  in  starting  to  mn. 
The  blast  from  the  pistol  barrel  a, 
contact  U  broken  at  d  for  an  in- 
stant, the  lever  beingdrawn  back 
by  a  spring.     Only  a  few  experi- 
ments have  been  made  with  the 
apparatus.  These,  however,  have 
brought  to  notice  the  following 
facts  :    I.  the  reaction-time   is 
abont  one-third  shorterfor  short- 
distance  runners,  who  are  trained  Fig-  31. 
to  start  quickly,  than   for  long-distance  runners  ;   S.  the  reaction- 
time  for  movements  of  the  whole  body  is  longer  than  for  move- 
ments of  a  single  member. 

Voice  key. 

The  voice  key,  fig.  22,  is  in- 
tended for  experimente  on  the 
time  of  associating  ideas.  It 
compriHes  a  cylinder  of  bard 
rubber  holding  a  metal  plate  at 
the  end  furthest  from  the  mouth. 
A  fine  screw  rests  lightly  against 
this  plate.  The  current  is  sent 
through  the  point  of  contact 
between  screw  and  plate  ;  it  is 
interrupted  by  the  vibration  of 
the  plate  in  response  to  the  voice. 
With  the  epark  method  this  pro- 
duces a  chain  of  dots  on  the  drum 
while  the  word  is  being  spoken.  ^'     ' 

With  two  voice-keys  and  a  telephone  connection  the  person 
experimented  upon  can  be  in  a  distant  room,  a  key  being  placed  over 
the  opening  in  each  transmitter. 


Touch  key. 

A  long  flexible  spring,  fig.  23,  is  mounted  in  a  wooden  handle  and 
bears  against  a  short  rigid  arm,  also  attached  to  the  handle,  so  as  to 
keep  closed  an  electrical  circuit.     The  circuit  is  led  into  the  handle 
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by  a  pair  of  twined  flexible  cords.     Wheo  the  end  of  the  spring 
touches  the  subject,  it  is  pressed  away  from  the  short  arm  and  breaks 


Fig.  23. 
the  contact.  Striking  against  a  piece  of  metal  above,  it  makes  con- 
tact again  immediately.  In  this  way  a  spark  is  made  and  the 
circait  is  closed  ready  for  the  reaction.  For  touch  alone  the  spring 
carries  a  small  rubber  knob  at  its  end ;  for  temperature  this  is 
replaced  by  a  heated  or  cooled  metal  ball. 

Electric  baton. 

This  is  designed  for  the  study  of  the  sense 
of  musical  rhyibm.  A  rod,  flg.  24,  eimilar 
to  an  orchestra  leader's  baton,  is  provided 
with  a  spherieal  ball  of  metal  mounted  upon 
a  flexible  wire.  Closely  surrounding  but  Dot 
touching  this  wire  is  a  metallic  ring.  The 
tip  and  ling  are  re3|>ectively  joined  to  the 
ends  of  a  pair  of  flexible  conductors,  leading 
off  to  a  recording  circuit.  Every  change  of 
direction  of  the  baton  makes  contact  for  an 
instant  and  thus  a  spark  record  is  made  upon 
the  drum. 

Foot  key. 

The  fool--key,  fig.  25,'  is  designed  for 
the  study  of  tlie  sense  of  rhythm  as  in- 
volved in  walking.  A  yoke  piece  is 
arranged  to  clamp  to  the  heel,  provision 
being  made  for  heels  of  varying  widths. 
Upon  this  yoke  U  mounted  a  small  con- 
tact key,  so  that  the  circuit  is  broken 
whenever  the  foot  strikes  the  ground  and 
made  again  as  the  foot  is  raised.  Flex- 
ible conductors  place  the  shoe  in  the 
recording  circuit. 
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Volt  reducers. 

When  the  city  current  is  at  hand  in  the  laboratory,  it  is  very  desir- 
able to  use  it  for  forks,  spark  coils,  telegraph  keys,  etc.  This  cannot 
be  conveniently  done  on  account  of  the  high  voltage  of  the  current 
which  arcs  across  the  keys,  burns  out  the  platinum  contacts,  etc. 
With  a  battery  current  Helmholtz*  used  a  zigzag  of  resistance  wire 
connected  in  parallel  with  the  cup  of  the  tuning  fork  in  which  he 
wished  to  suppress  the  spark.  This  idea  has  been  developed  by  our 
laboratory  mechanician,  J.  J.  Hogan,  into  an  arrangement  by  which 
the  dynamo  current  of  high  voltage  can  be  manipulated  just  as  a 
number  of  galvanic  cells.  With  the  cells  the  current  is  altered  in 
potential  and  intensity  by  the  use  of  more  or  less  of  them  and  by 
their  arrangement  in  parallel,  in  series  or  in  combination.  With  the 
volt  reducer  the  amount  of  current  drawn  from  the  dynamo  is  regu- 
lated by  incandescent  lamps.  This  current  passes  to  a  pair  of  bind- 
ing-posts by  way  of  the  apparatus  in  which  the  current  is  desired, 
and  by  way  of  one  or  more  coils  of  wire.  The  particular  arrange- 
ment of  the  coils  depends  on  the  insertion  of  various  plugs.  In  this 
way  the  current  drawn  from  the  binding-posts  can  be  made  of  any 
potential  from  1  volt  to  10  volts  and  of  any  intensity  within  the 
limits  of  the  particular  volt-reducer.  The  current  acts  under  vary- 
ing circifmstances  exactly  like  that  of  a  battery  of  the  same  potential 
and  internal  resistance. 


'  Helmholtz,  Die  Lehre  von  d.  ToDempfinduDgen,  632,  3  ed.,  Braunschweig,  1877. 


CORRECTIONS. 

On  page  28  of  Vol.  II  the  expression  p.  ?  should  be  changed  to 
p.  14. 

On  page  29  the  second  and  third  sentences  should  read  :  In  the 

use  of  the  average,  each  individual  quantity  influences  the  result  in 

direct  proportion  to  its  numerical  deviation  from  the  average.     The 

a — A 
value  Xizs  a  has  upon  the  average  A  an  influence  i       ^  times  slb 

much  as  the  value  x^  =  b. 

In  Gilbebt's  article  in  VoL  II.  it  will  be  noticed  that  in  some 
cases  the  curve  giving  the  median  for  boys  and  girls  together  does 
not  lie  between  the  curve  for  boys  and  the  curve  for  girls,  but  does 
lie  slightly  outside.  This  is  theoretically  impossible.  The  error 
arose  in  the  following  way.  The  results  were  given,  as  usual,  in 
tenths  of  the  unit  employed  in  measuring.  According  to  the 
formula,  p.  21  of  Vol.  II,  the  tenths  obtained  from  a  set  of  measure- 
ments are  to  be  added  algebraically  to  the  whole  number  given  as 
the  median.  In  some  cases  the  result  for  tenths  was  negative  and, 
as  Dr.  Gilbert  wishes  it  stated,  these  negative  tenths  were  some- 
times added  instead  of  subtracted.  The  error  does  not  affect  the 
whole  units  in  which  the  measurements  were  made,  but  it  does  affect 
the  tenths  which  were  obtained  in  the  calculation.  Therefore 
whenever  the  curve  for  boys  and  girls  together  does  not  lie 
between  the  separate  cui'ves,  it  should  be  made  to  do  so. 
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REACTION-TIME   IN  ABNORMAL   CONDITIONS   OF   THE 

NERVOUS   SYSTEM. 

BY 

Alfred  G.  Nadler,  M.D. 

The  object  of  the  present  research  was  to  investigate  the  possible  alter- 
ations in  reaction -time  and  thought-time  in  diseased  conditions  of  the 
nervous  system.  The  experiments  were  performed  upon  individuals  ex- 
hibiting symptoms  diagnostic  of  one  of  four  types  of  diseases.  The  sub- 
jects were  patients  applying  at  the  University  Clinic.  The  four  types 
selected  were  neuritis,  hysteria,  locomotor  ataxia  and  allied  conditions, 
and  alcoholism. 

The  experiments  were  performed  on  a  Scripture  pendulum -chrono- 
scope,  which  consists  of  a  pendulum,  a  pointer,  a  scale,  a  signal  and  a 
reaction-apparatus.^  The  pendulum  is  held  at  one  side  by  a  catch  ;  when 
set  free,  it  travels  across  the  scale.  As  it  passes  the  zero  point  it  sets  in 
motion  and  carries  with  it  the  pointer ;  the  scale  is  divided  into  thous- 
andths of  a  second,  the  pendulum  and  pointer  being  so  arranged  that  one 
second  elapses  while  the  pointer  travels  from  o  to  looo.  As  it  passes  the 
zero  point  the  pendulum  springs  a  catch  which  gives  the  signal  to  the 
subject.  This  individual,  all  prepared,  with  a  finger  on  the  reaction  but- 
ton, presses  the  button  in  response  to  the  signal.  This  locks  the  pointer 
against  the  scale  at  whatsoever  point  it  happens  to  be.  The  experimenter 
has  then  only  to  read  off  the  mark  on  the  scale  at  which  the  pointer  is  set. 

For  simple  reaction-time,  the  opening  of  a  shutter  on  the  signal  board 
was  the  signal ;  for  complex  reaction-time  red  or  white  cards  were  indis- 
criminately inserted  behind  the  shutter  and  the  subject  reacted  only  when 
the  red  card  was  seen. 

The  simple  reaction  consisted  in  this  case  psychologically  of  percep- 
tion and  volition,  physiologically  of  the  passage  of  a  nervous  impulse 
from  the  eye  to  the  visual  center  in  the  brain,  then  to  the  arm  center  and 
downward  to  the  muscles  of  the  arm  and  hand.  The  complex  reaction - 
time  adds  to  this  the  two  mental  processes :  discrimination  between  the 

1  Scripture,  Sofm  new  apparatus^  Stud.  Yale  Psych.  Lab.,  1895  III  98.  The 
mean  error  of  this  instrument  is  two  thousandths  of  a  second ;  the  mean  variations  of  the 
records  are  therefore  psychological  quantities ;  see  Scripture,  New  Psychology,  142, 
London,  1897. 
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colors  and  choice  between  movement  and  rest ;  the  physiological  side  of 
these  processes  is  unknown. 

In  classifying  and  arranging  the  results,  the  ** median'*  was  used* 
instead  of  the  average  as  a  basis  of  comparison  or  discussion.  The 
median  is  the  middle  value  in  a  set  of  numbers ;  for  example,  if  there 
are  lo  or  20  members,  it  is  the  average  of  the  fifth  and  sixth,  or  the 
tenth  and  eleventh;  if  there  are  11  or  15  numbers,  it  is  the  sixth  or 
the  eighth  one. 

Local  neuritis. 

In  this  group  are  classed  all  those  cases  in  which  the  nerves  supplying 
the  muscles  of  the  forearm  or  hand  were  affected,  causing  a  partial  par- 
alysis of  either  hand.  It  comprises  neuroses  of  a  local  nature  due  either 
to  trauma  or  toxines.  In  all  cases,  one  or  more  branches  of  the  brachial 
plexus  or  ner\'es  were  affected.  At  the  seat  of  a  local  lesion  of  a  periph- 
eral  nerve  or  a  nerve  whose  branches  supply  the  periphery,  the  nerve 
is  usually  inflamed,  that  is,  swollen,  infiltrated  and  reddened.  The 
sheath  alone  may  be  diseased  or  the  inflammation  may  affect  also  the  in- 
ternal portion,  under  which  circumstances  the  infiltration  is  more  exten- 
sive and  surrounds  the  nerve  bundles.  The  nerve  fibres  themselves  may 
not  be  involved,  but  there  is  an  increase  of  the  nuclei  in  the  sheath  of 
Schwann.  The  myelin  is  fragmented,  the  nuclei  of  the  intemodal  cells 
are  swollen,  and  the  axis  cylinders  present  varicosities  or  undergo  granu- 
lar degeneration.  The  nerve  fibres  may  be  entirely  destroyed  and  re- 
placed by  a  fibrous  connective  tissue  in  which  fat  is  deposited.  In  neu- 
ritis due  to  lead  poisoning  and  in  the  more  serious  cases  due  to  trauma, 
the  changes  met  with  in  the  nerves  are  somewhat  different.  This  is 
termed  parenchymatous  neuritis  and  the  changes  resemble  closely  that 
described  as  secondary  or  Wallerian  degeneration,  which  follows  when 
a  nerve  is  cut  off  from  its  center.  There  is  segmentation  in  the  myelin 
and  breaking  up  of  the  axis  cylinder,  with  proliferation  of  the  nuclei  of 
the  sheath  of  Schwann  and  neurilemma.  The  changes  may  be  limited  to 
the  medullary  sheath,  constituting  what  Gomijault  has  termed  peri-axial 
neuritis.  These  neuritic  changes  are  found  in  segments,  the  affected 
portions  lieing  separated  by  healthy  parts;  this  is  the  so-called  ** seg- 
mental neuritis."  In  the  musculo -spiral  nerve,  which  is  especially 
affected  in  lead  poisoning,  the  parenchymatous  and  peri -axial  neuritis  are 
found  together,  the  former  generally  being  in  the  small  branches  going  to 


1  Scripture,    On  mean  values  for  direit  measurements,   Stud.    Yale  Psych.    Lab., 
1895  III  I. 
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the  muscles,  the  latter  in  the  main  nerve  trunk  and  larger  branches.  The 
symptoms  in  the  following  cases  were  pain  along  the  arm  and  hand  over 
the  course  of  the  nerve  affected,  several  points  of  tenderness  on  the 
periphery,  an  inability  to  freely  move  the  arm  or  forearm  or  hand  or  one 
or  more  fingers.  Sometimes  the  flexor  muscles  were  affected,  more 
often  the  extensor.     Some  tactile  sensation  also  was  lost. 


Subject. 

W.  B. 
M.  Y. 
J.  M. 
J.  W. 
H.  G. 
L.  M. 
M.  M. 
J.  W. 

J.  w. 
A.  L. 
A.  I.. 
J.  S. 

J.  s. 

c.  w. 
c.  w. 


(( 


i( 


i  < 


Table  I. 

Disease.  S 

Neuritis  due  to  injury 215 

Neuritis 390 

379 

379 

. 314 

Neuritis,  alcoholic 192 

Neuritis 407 

Neuritis,  wrist  drop 166 

After  treatment 143 

Neuritis 294 

After  jmrtial  treatment 185 

Neuritis,  diseased  arm 403 

Sound  arm 256 

Neuritis,  diseased  arm 393 

Sound  arm 243 


d3 

C 

dc 

78 

353 

146 

36 

504 

66 

16 

557 

34 

53 

498 

48 

91 

442 

163 

39 

428 

48 

35 

525 

39 

22 

299 

38 

24 

277 

ZZ 

61 

478 

87 

14 

487 

47 

12 

640 

10 

20 

423 

12 

17 

504 

14 

14 

392 

5 

Unit,  thousandth  of  a  second. 

Number  of  records  on  each  subject,  40. 

Sy  simple  reaction-time. 


C,  complex  reaction-time. 
da,  dc,  mean  variations  for  the  individual 
subjects. 


As  would  naturally  be  expected  from  such  diseased  conditions,  the  re- 
action-time is  materially  lengthened.  The  increase  is  undoubtedly  due 
to  the  local  lesion  of  the  nerve.  This  is  proven  by  the  varying  increases 
over  the  normal  in  the  different  subjects  according  to  the  extent  or  cause 
of  the  injury  or  the  severity  of  the  symptoms.  It  is  also  proven  by  the 
fact  that  the  complex  time  is  only  so  much  longer  than  the  simple  reac- 
tion-time as  exists  ordinarily  in  normal  conditions. 

The  mean  variation,  which  is  the  index  of  regularity  in  the  action  of 
the  patient's  mind,  is  not  greater  than  that  found  in  healthy  persons  under 
the  same  conditions. 

It  was  found  that  in  patients  with  but  one  arm  affected,  the  reaction- 
time  was  longer  in  the  diseased  arm  than  in  the  unaffected  limb ;  in  pa- 
tients experimented  upon  during  or  after  treatment  the  results  improved 
with  improved  conditions. 
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Locomotor  ataxia  and  multiple  neuritis. 

The  diseases  of  this  group  are  affections  of  the  spinal  cord  due  to  de- 
generation or  sclerosis  of  one  or  another  tract  or  column. 

Although  the  results  are  alike  in  many  respects,  there  are  sufficient  dif- 
ferences to  bring  out  the  distinction  between  the  two  diseases. 

Locomotor  ataxia  is  an  affection  of  the  nervous  system  characterized 
clinically  by  incoordination  with  sensory  and  trophic  disturbances  and 
involvement  of  the  special  senses,  particularly  the  eyes.  Pathologically 
there  is  sclerosis  of  the  posterior  columns  of  the  cord,  foci  of  degenera- 
tion in  the  basal  ganglia,  and  sometimes  chronic  degenerative  changes  in 
the  cortex  cerebri.     The  peripheral  nerves  also  undergo  degeneration. 

Marie  asserts  that  the  primary  change  is  a  nutritional  defect  of  the 
ganglion  cells  of  the  posterior  root.  In  this  disease,  there  is  not  loss  of 
motor  power,  but  incoordination.  The  motor,  efferent  fibres  of  the 
peripheral  nerves  are  intact.  In  ordinary  peripheral  neuritis,  both  motor 
and  sensory  fibres  are  diseased.  The  ganglion  cells  of  the  posterior  spinal 
ganglia  are  destroyed  in  tabes,  but  their  axis  cylinder  prolongations  in 
the  cord  undergo  degeneration  and  atrophy;  consequently  a  sclerosis 
occurs  in  the  three  ascending  tracts,  namely,  Lissauer*s  tract,  the  pos- 
tero-extemal  column  and  Goll*s  column. 

In  multiple  neuritis  the  lesions  and  pathological  conditions  are  prac- 
tically the  same  as  in  localized  neuritis,  with,  of  course,  extension  to 
larger  areas  and  the  involvement  of  more  nerves  and  portions  of  the  cere- 
bral and  spinal  ganglia. 

The  symptoms  of  locomotor  ataxia  are  manifested  mainly  by  a  lack  of 
coordination.  The  lower  extremities  are  principally  affected,  causing 
the  characteristic  ataxic  gait.  In  advanced  cases  the  arms  and  hands  are 
involved,  producing  numbness  or  tingling  in  the  fingers. 


Subject. 

C.  M. 
F.  H. 

F.  N. 

G.  R. 
J.  K. 
G.  B. 
S.  P. 


Table  II. 

Disease.  S 

Locomotor  ataxia 393 

374 

392 

385 

Multiple  neuritis 421 

412 

414 


(< 


it 


(< 


i( 


t  < 


« ( 


t( 


n 


t( 


« t 


9 

9 
6 

6 

14 
19 

72 


C 

S69 

728 

793 
767 

864 

794 

756 


Unit,  thousandth  of  a  second. 

Number  of  records  on  each  subject,  40. 

S,  simple  reaction-time. 


24 
39 

15 

12 

16 

4a 
X32 


Ct  complex  reaction-time. 
(/a,  dc,  mean  variations  for  the  individual 
subjects. 
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In  multiple  neuritis,  since  the  motor  nerves  are  peculiarly  affected,  the 
symptoms  are  mainly  those  of  paraplegia.  The  extensor  muscles  are 
affected  more  than  the  flexors,  causing  thereby  wrist-drop  and  foot-drop 
and  the  peculiar  steppage  gait. 

The  simple  reaction-times  in  these  cases  were  markedly  long,  longer 
in  those  affected  with  multiple  neuritis  than  in  the  tabetic  patients.  The 
thought-times  were  distinctively  long  also,  but  more  so  in  the  group  of 
locomotor  ataxia  patients.  The  mean  variations  were  comparatively 
small  in  all  the  series  except  in  one  subject. 

Do  these  results  agree  with  the  symptoms  and  pathological  conditions  ? 
And  are  they  such  as  one  might  reasonably  expect  ?  I  think  we  can 
answer  in  the  affirmative. 

In  the  first  place  let  us  compare  the  simple  reaction-times.  The  re- 
sults are  longer  in  the  multiple  neuritis  cases  in  this  set  of  experiments. 
This  is  surely  in  accordance  with  expectation.  The  observer  has 
simply  to  react  and,  the  motor  nerves  being  affected,  the  outward  current 
travels  more  slowly  ;  the  result  is  a  longer  reaction-time.  For  tabetic 
patients  the  disturbance  in  coordination  would  also  cause  some  lengthen- 
ing beyond  the  normal  time. 

In  regard  to  the  complex  reaction-time  this  difference  between  the  two 
classes  would  appear  scarcely  sufficient  to  affect  the  complicated  process. 

The  astonishing  regularity  of  the  simple  reactions  in  locomotor  ataxia, 
as  shown  by  the  smallness  of  the  mean  variations,  remains  an  inexplicable 
fact. 

Alcoholism. 

The  patients  which  I  have  classified  under  the  title  alcoholism,  for 
want  of  a  better  name,  were  men  on  the  verge  of  delirium  tremens. 

They  were  men  who  had  been  on  a  **  bout'*  for  a  varying  number  of 
days  and  appeared  for  treatment  w4ien  on  the  border  lines  of  conscious- 
ness. The  condition  is  such  as  is  seen  by  every  one  almost  any  day  on 
the  streets  of  a  large  city.     It  is  a  stage  beyond  drunkenness. 

The  patients  are  men  who  are  immuned  to  alcohol  and  have  drunk 
enormous  quantities  during  their  lives.  They  no  longer  become  intoxi- 
cated according  to  the  popular  idea  of  that  term.  Their  tissues  and 
organs  are  probably  saturated  with  the  toxine.  They  are  accustomed  to 
drink  gin  and  whiskey.  Their  condition  would  be,  perhaps,  best  de- 
scribed as  that  due  to  systematic  intoxication. 

When  they  come  for  treatment  their  minds  are  clear  and  active  ;  they 
are  acutely  anxious.  Being  aware  of  the  condition  in  which  they  are, 
they  are  fearful  lest  it  become  worse.     They  cannot  sleep  and  are  ut- 
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terly  worn  out ;  tremors  shake  their  frames.  The  walk  is  shaky  and 
weak,  but  not  staggering.  Sleep  is  their  necessity  and  without  medical 
interference  sleep  will  not  come.  Unless  their  need  is  fulfilled  the  con- 
dition becomes  rapidly  worse  and  the  patient  is  soon  in  the  throes  of  de- 
lirium tremens. 

The  pathological  condition  in  this  affection  is  not  accurately  known, 
but,  reasoning  by  analogy,  one  cannot  be  far  wrong  in  the  following 
description :  There  is  in  the  brain  a  shrinking  of  the  substance  with 
narrow,  flattened  and  shrunken  convolutions,  and  serous  effusion  in  the 
ventricles  and  subarachnoid  space.  Some  of  the  vessels  have  degene- 
rated and  blood  has  oozed  into  the  brain  substance.  The  nerve  cells 
and  fibres  are  wasted  throughout  their  course.  In  the  cord  there  is  in- 
creased vascularity,  especially  in  the  posterior  columns.  The  changes  in 
the  nerve  fibres  are  those  of  sclerosis  or  fatty  degeneration. 

Table  I  IT. 

Subject.  Disease.  S 

J.  M.         Alcoholism 156 

P.  M.  **  174 

J.  L.  "  .' 164 

F.  W.  «*  i6i 

I.  M.  "  ,  .    .  163 

J.  B.  •*  .  i6i 

A.  P.  **  168 

P.  M.  "  155 

P.  M.  "  169 

F   S  **  160 

G.  W.  ••  195 

J.  W.  **  184. 

T.  L.  *«  173' 

L.  M  **  178 

T.  H.  *•  163 

T.  \\.         After  treatment    '    • 131 

J.  H.  Alcoholism 157 

J.  H.  Partially  cured 156 

M.  M.        Akoholism 164 

M.  M.        Cured  of  attack 160 

Unit,  thousandth  of  a  second.  \       C,  complex  reaction-time. 

Number  of  records  on  each  subject,  40.  ds.  dc,  mean  variations  for  the  individual 

Sy  simple  reaction-time.  !  subjects. 

In  this  group,  strange  to  relate,  the  simple  reaction-times  are  consider- 
ably shorter  than  in  any  series  of  experiments  performed  on  healthy  per- 
sons at  the  Yale  laboratory.    The  complex  times,  however,  are  longer,  that 


da 

C 

d<T 

15 

479 

28 

30 

434 

6a 

6 

464 

20 

6 

469 

II 

9 

528 

i& 

8 

506 

12 

9 

453 

2a 

6 
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27 

9 

398 

7 

II 

416 

25 

16 

507 

32 

13 

394 

IS 

13 

397 

8 

19 

424 

29 

20 

415 

72 

5 

394 

22 

8 

499 

la 

6 

397 

9 

18 

421 

44 

13 

397 
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is  to  say,  the  differences  between  the  simple  reaction-times  and  the 
complex  tin^s  are  larger  than  for  the  normal  person.  The  mean  varia- 
tions are  comparativePy  small  in  the  first  series,  and  in  the  latter  they  ap- 
pear to  depend  upon  the  personal  attributes  of  the  observer. 

In  the  experiments  made  upon  the  same  individuals  after  treatment, 
the  results  showed  a  decrease  in  the  reaction -times  throughout,  making  the 
simple  reaction-time  less  than  in  the  normal  and  the  complex  time  about 
normal.  These  results  appear  to  show  that  the  effect  of  the  alcoholic 
toxine  upon  the  individual  is  to  heighten  the  power  to  perform  simple 
regular  movements,  but  that  where  a  judgment  is  needed,  the  individual 
is  at  a  disadvantage. 

Hysteria. 

To  better  understand  the  peculiar  results  of  .the  experiments  on  hys- 
terical subjects  it  may  be  well  to  begin  with  a  brief  characterization  of 
the  disease. 

*  *  Hysteria  is  a  functional  disorder  of  the  nervous  system,  associated 
with  excitability  and  a  want  of  will  power.  It  is  manifested  by  uncon- 
trollable nervous  paroxysm  or  crises,  and  intermediate  states  of  perverted 
nerve  function.  *  *  *  The  symptoms  vary  from  mere  exhibitions  of 
excitability  provoked  by  slight  causes  to  prolonged  and  frequent  convul- 
sive attacks.  Paroxysms  of  uncontrollable  laughter  or  crying,  without 
apparent  reason,  explosions  of  anger  or  terror  upon  the  slightest  provo- 
cation, headache,  sleeplessness,  attacks  of  trembling,  flushing,  chilli- 
ness, choking  sensations,  and,  above  all,  unreasonable  actions  or  com- 
plaints designed  to  impress  the  spectator  with  the  importance  or  wonderful 
character  of  the  ailments.  All  sorts  of  vagaries  resulting  from  a  perverted 
imagination  assist  in  making  up  a  truly  kaleidoscopic  clinical  exhibition.^ 
The  symptoms  vary  from  day  to  day.  Upon  being  questioned  regarding 
their  trouble,  the  patients  reply  that  '*  they  are  so  very  nervous.'*  That 
statement  covers  the  ground.  In  the  majority  of  cases,  the  patient  has  ex- 
aggerated a  slight  trouble  until  it  has  assumed  tremendous  proportions  in 
her  eyes,  and  once  having  fallen  into  the  habit  she  is  with  difficulty  taught 
its  error. 

In  this  group,  the  reaction -times  were  ver}'  erratic,  that  being  the  most 
noticeable  feature.  The  median  for  the  simple  reaction-time  is  almost 
normal,  but  the  mean  variation  is  extremely  large.  The  complex  time  is 
increased  greatly  above  the  normal  and  here  again  the  mean  variation  is 
greatly  enlarged.     The  cause  lies  probably  in  the  difficulty  with  which 


1  BvFORD,  Manual  of  Gynecology,  137,  Philadelphia,  1895. 
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the  observers  concentrated  their  attention.  In  some  cases  it  appeared  as 
if  the  patients  had  forgotten  what  they  were  attempting  to  dci  Suddenly 
they  would  recollect  and  react,  the  time,  of  course,  being  greatly  pro- 
longed. This  was  especially  true  of  the  complex  time.  Or  perhaps  the 
patient  would  not  be  positive  at  first  and  would  require  a  second  thought 
to  assure  herself  that  the  signal  was  read  correctly. 

The  experimental  results  are  given  in  the  following  table  : 


Subject. 

H.  G. 

E.  S. 

F.  F. 
H.  A. 
W.  F. 
J.  W. 
P.  A. 

C.  A. 
M.  M. 
P.  H. 
M.  S. 

D.  A. 


Table  IV. 

Disease. 
Hysteria 308 


i( 


if 


Ki 


(I 


(( 


(i 


(i 


<( 


(< 


<( 


(( 


s 

da 

C 

dc 

308 

91 

399 

197 

235 

54 

742 

93 

287 

77 

779 

123 

198 

27 

764 

96 

186 

X7 

599 

51 

184 

23 

612 

34 

198 

31 

744 

68 

193 

20 

802 

73 

187 

26 

749 

91 

187 

21 

736 

108 

483 

185 

641 

167 

164 

66 

1 

• 

« 

Unity  thousandth  of  a  second. 
Number  of  records  on  each  subject,  40. 
.S", 'simple  reaction-time. 


C,  complex  reaction -time. 
ds,  dc,  mean  variations  for  the  individual 
subjects. 


It'was  found  impossible  to  secure  any  records  of  complex  time  for  D.  A. , 
as  she  could  not  refrain  from  reacting  to  every  fall  of  the  shutter,  regard- 
less of  the  color  it  showed. 


Summary.  ' 

In  order  to  compare  the  results  for  the  different  diseases  the  general 
average  must  be  computed  for  each  disease.  The  mean  variation  for 
each  observer  serves  for  this  purpose  the  same  function  as  the  mean  error 
of  a  set  of  physical  measurements.  Let  //,,  d^,  •••  >  ^*  be  the  mean  varia- 
tions for  the  various  individuals  whose  averages  are  respectively  a^y  ^,,**-*>  ^4. 
Since  each  average  was  obtained  from  n  experiments,  the  mean  variations 
for  each  of  the  averages  will  be 


-  > 


V  n 


1  By  the  editor. 


Reaction-time  in  abnormal  conditions. 
The  weights  of  the  averages  are  therefore 


II  I 


-^l  -^t  -^k 


The  final  average  is 


^  ^A^i-^A^«+-+A^* 

A+A+-+A 

Since  the  number  of  experiments  was  the  same  in  ever}'  case,  the  value 
;/  is  constant  and  the  same  result  for  A  is  obtained  by  using 

/i=^,'  A  =  ^^,'-'  A  =  ^. 

instead  of  the  formulas  previously  given.     The  final  average  for  each  dis- 
ease is  calculated  in  this  way. 

If  we  consider  the  mean  variation  for  an-  individual  as  a  measure  of  his 
uncertainty  of  mental  action,  we  can  inquire  for  the  average  uncertainty 
of  the  group,  which  for  k  individuals  will  be 

^""  k 

The  average  mental  uncertainty  is  calculated  for  each  disease. 

Lastly,  to  complete  the  picture  of  the  disease  it  is  necessary  to  indi- 
cate how  the  individuals  differ  from  each  other  in  their  averages.  This 
is  done  by  computing  the  statistical  mean  variation. 

Let  A  be  the  average  for  the  whole  group  whose  individual  values,  or 
averages,  are  a^y  a^,  ...,  a^ ;  then  the  individuals  vary  from  the  group-aver- 
age by  7\  =  A.—a^y  z\  =  A—a.^,  -••,  7'^  =  -^"^t-  '^^^  average  variation 
of  the  individuals  of  the  group  will  be 

This  figure  indicates  the  homogeneity  of  the  group,  and  thus  gives  a 
characteristic  of  the  uniformity  of  the  disease  in  this  particular  property. 

The  calculations  have  been  performed  and  verified  with  the  greatest 
care,  Crelle's^  and  Barlow's*  tables  being  used  wherever  possible. 

»  Crrlle,  Rechentafeln,  Berlin,  1857. 

2  Barlow,  New  Mathematical  Tables,  Ix>ndon,  1814. 
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In  order  to  have  a  comparison  with  normal  individuals  I  have  added 
computations  from  the  records  made  on  19  college  students,  each  record 
consisting  of  ten  experiments. 


Condition. 

S 

U 

F 

C 

6^ 

l^ 

B 

k 

\jocq\.  neuritis 

360 

42 

67 

570 

63 

135 

210 

II 

Multiple  neuritis 

418 

35 

4 

848 

63 

54 

430 

3 

Locomotor  ataxia 

387 

8 

7 

786 

23 

42 

399 

4 

Alcoholism 

163 

13 

7 

440 

26 

48 

277 

17 

Hysteria 

192 

53 

51 

671 

100 

96 

479 

12 

Normal 

179 

29 

31 

349 

58 

58 

170 

19 

Sy  simple  reaclion-timc.  I ',  V,  average  departures  of  the  indi- 

C,  complex  reaction- time.  viduals  from  the  typical  averages  S  and  C 

Uy  U'y  averages  of  the  individual  mean  ,       By  difference  between  C  and  S. 

variations.  1       ky  number  of  individuals. 


The  following  conclusions  seem  to  be  justified  by  the  table  : 

1.  Alcoholism  shortens  the  simple  reaction-time,  hysteria  leaves  it  un- 
changed and  local  neuritis,  multiple  neuritis  and  locomotor  ataxia 
lengthen  it.     (Column  5.) 

2.  Local  neuritis  slightly  lengthens  the  additional  mental  processes  in- 
volved in  complex  reaction-time,  alcoholism  lengthens  them  consider- 
ably, while  locomotor  ataxia,  multiple  neuritis,  and  hysteria  double  and 
triple  the  normal  time.     (Column  B.^ 

3.  The  individual's  regularity  is  much  greater  than  the  normal  in  loco- 
motor ataxia  and  alcoholism,  and  much  less  than  normal  in  the  other 
diseases.  The  irregularity  is  specially  marked  in  hysteria  for  the  higher 
mental  processes.     (Columns  Uy  LP,) 

4.  Subjects  with  multiple  neuritis,  locornotor  ataxia  and  alcoholism 
are  much  more  distinctly  marked  off  in  respect  to  these  tests  than  nor- 
mal  individuals.  The  close  agreement  of  the  seventeen  alcoholic  patients 
in  regard  to  simple  reaction-time  is  very  remarkable.      (Columns  Vy  V,^ 

Summing  up  by  diseases,  I  believe  it  justifiable  to  say  that  in  the  two 
respects  of  simple  and  complex  reaction-time  they  are  characterized  as 
follows  : 

1.  Local  neuritis  :  a  poorly  defined  group  with  long  simple  reaction- 
time  and  great  irregularity. 

2.  Multiple  neuritis:  a  very  closely  defined  group  with  very  long 
time  for  both  simple  reactions  and  more  complicated  mental  processes  ; 
also  considerable  irregularity  in  the  individual. 

3.  Locomotor  ataxia  :    a  very  closely  defined  group,  slow  in  reaction 
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and  in  the  higher  processes,  but  astonishingly  free  from  individual  irregu- 
larities. 

4.  Alcoholism :  a  very  closely  defined  group  with  accelerated  reac- 
tion-time and  not  generally  retarded  complex  time,  remarkably  free  from 
irregularity. 

5.  Hysteria:  an  indefinite  group,  with  normal  simple  reaction-time 
but  greatly  lengthened  complex  time,  exhibiting  extreme  irregularity. 


RESEARCHES  ON  REACTION-TIME. 

BY 

E.  W.  Scripture. 

From  time  to  time  various  problems  present  themselves  in  connection 
with  the  study  of  the  time  of  mental  processes.  It  has  been  my  custom 
to  assign  some  of  these  problems  to  special  students.  The  work  is  done 
under  my  personal  direction,  and,  almost  without  exception,  I  serve  as 
the  subject  or  the  experimenter. 

Influence   of  a  constant  electric  current   through   the  head. 

(John  L.  Burnham.) 

The  city  supply  (no  volts,  direct)  was  used  as  the  source  of  current. 
One  wire  was  led  to  the  binding  post  of  a  graphite  resistance  .which  regu- 
lated the  amount  of  current.  This  graphite  regulator  comprised  a  plate 
of  ground  glass  sliding  in  a  grooved  frame.  Lines  of  different  thickness 
were  drawn  with  a  lead  pencil  on  the  glass.  By  moving  the  glass  any  one 
of  these  lines  could  be  placed  under  the  springs  connected  with  the  two 
binding  posts,  whereby  a  resistance  of  any  desired  amount  could  be  in- 
troduced into  the  circuit. 

The  current  was  made  to  pass  through  an  Edelmann  milliamp^re- 
meter  indicating  directly  the  quantity  of  current  used.  The  poles  were 
two  sponge  electrodes.  A  commutator  permitted  the  change  in  direction 
of  the  current  and  a  licjuid  resistance  rendered  it  possible  to  gradually 
apply  or  remove  the  current  without  shock,  and  without  the  knowledge 
of  the  subject. 

In  all  the  experiments  where  electricity  was  used,  the  records  were  so 
divided  that  the  experiments  without  electricity  (with  the  electrodes  still 
in  place  but  no  current  on)  were  interposed  between  two  sets  of  the 
records  of  electricity,  or  else  the  start  and  finish  would  be  made  without 
electricity  while  the  current  was  used  for  the  middle  records.  Thus  any 
lingering  effect  of  the  stimulus  or  any  mental  disturbance  from  the  elec- 
trodes was  neutralized.  These  experiments  were  conducted  during  the 
month  of  February,  1896. 

The  tests  for  the  effect  of  the  current  were  :  simple  reaction-time  and 
complex  reaction-time.     The  shutter  of  the  pendulum   chronoscope  ex- 
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posed  a  colored  disc  and  the  subjected  reacted  by  pressure  on  the  knob 
at  the  back  of  the  instrument*.  For  complex  reaction-time  one  of  two 
colors  was  exposed,  the  subject  being  required  to  react  to  one  and  not  to 
the  other. 


Table  I. 
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S 
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C 
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n 

s. 
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I 
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3 
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15 
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7 

7 
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45 

10 
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3 

4.0 
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28 

8 

a, 

I 
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52 
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34 

10 
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3 
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23 
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9 

7 

t  i 

5 

0.2 

143 

15 
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6 

10 
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56 
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60 

5 

i  < 

13 

1.8 

143 

18 

129 

15 

10 

260 

9 

256 

25 

5 

({ 

15 

0.3 

127 

19 

121 

10 

10 

Sm. 

» 

5 

0.2 
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12 

121 

18 

10 

'l^, 

2 

03 

140 

8 

140 

9 

10 

t  < 

12 
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23 

161 

21 

10 
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34 

235 

41 

5 

i( 

13 

I.O 

149 

10 

139 

14 

10 

287 

29 

304 

53 

5 

D. 

I 

0.5 

136 

29 

157 

23 

5 

264 

66 

272 

60 

5 

(i 

5 

1.2 

136 

II 

128 

II 

5 

290 

36 

249 

54 

5 

(< 

5 

7.0 

142 

10 

"7 

5 

5 

279 

19 

275 

27 

•  5 

(< 

12 

03 

144 

27 

150 

14 

5 

330 

54 

323 

36 

5 

Unit,  thousandth  of  a  second. 
(9,  subject  of  experiment. 
Fy  date  in  February,  1896. 
tna^  milliarap^res. 

Sy  simple    reaction-time   without   elec- 
tricity. 
5e,  simple  reaction- time  with  electricity. 


C,  complex  reaction-time  without  elec- 
tricity. 

Cff,  complex  reaction-time  with  elec- 
tricity. 

dy  mean  variation. 

n^  number  of  experiments  in  each  set. 


A  glance  at  the  above  table  will  show  an  almost  universal  quickening 
of  both  the  simple  and  complex  times  under  the  stimulus  of  the  electric 
current.     A  general  quantitative  stater&ent  of  the  amount  is  not  possible 
owing  to  variations  in  the  conditions  of  different  experiments. 

It  will  be  noticed  that  in  the  table  there  are  some  negative  results  with 
the  moderate  currents.  Again,  the  effect  of  the  electric  current  varies 
greatly  on  different  people  and  seems  also  to  affect  the  same  person  to 
different  degrees  at  different  times.  For  example,  subject  D.,  who  took  7 
milliamp^res  on  February  5,  with  no  hesitation,  felt  that  he  was  being 


»  Scripture,  Some  new  apparatus ^  Stud.  Yale  Psych.  Lab.,  1895  III  98. 
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E.  W.  Scripture. 

From  time  to  time  various  problems  present  themselves  in  connection 
with  the  study  of  the  time  of  mental  processes.  It  has  been  my  custom 
to  assign  some  of  these  problems  to  special  students.  The  work  is  done 
under  my  personal  direction,  and,  almost  without  exception,  I  serve  as 
the  subject  or  the  experimenter. 

Influence   of  a  constant  electric  current   through    the  head. 

(John  L.  Burnham.) 

The  city  supply  (no  volts,  direct)  was  used  as  the  source  of  current. 
One  wire  was  led  to  the  binding  post  of  a  graphite  resistance. which  regu- 
lated the  amount  of  current.  This  graphite  regulator  comprised  a  plate 
of  ground  glass  sliding  in  a  grooved  frame.  Lines  of  different  thickness 
were  drawn  with  a  lead  pencil  on  the  glass.  By  moving  the  glass  any  one 
of  these  lines  could  be  placed  under  the  springs  connected  with  the  two 
binding  posts,  whereby  a  resistance  of  any  desired  amount  could  be  in- 
troduced into  the  circuit. 

The  current  was  made  to  pass  through  an  Edelmann  milliamp^re- 
meter  indicating  directly  the  quantity  of  current  used.  The  poles  were 
two  sponge  electrodes.  A  commutator  permitted  the  change  in  direction 
of  the  current  and  a  liquid  resistance  rendered  it  possible  to  gradually 
apply  or  remove  the  current  without  shock,  and  without  the  knowledge 
of  the  subject. 

In  all  the  experiments  where  electricity  was  used.,  the  records  were  so 
divided  that  the  experiments  without  electricity  (with  the  electrodes  still 
in  place  but  no  current  on)  were  interposed  between  two  sets  of  the 
records  of  electricity,  or  else  the  start  and  finish  would  be  made  without 
electricity  while  the  current  was  used  for  the  middle  records.  Thus  any 
lingering  effect  of  the  stimulus  or  any  mental  disturbance  from  the  elec- 
trodes was  neutralized.  These  experiments  were  conducted  during  the 
month  of  February,  1896. 

The  tests  for  the  effect  of  the  current  were:  simple  reaction -time  and 
complex  reaction-time.     The  shutter  of  the  pendulum  chronoscope    ex- 
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l>osed  a  colored  disc  and  the  subjected  reacted  by  pressure  on  the  knob 
at  the  back  of  the  instrument'.  For  complex  reaction- time  one  of  two 
colors  was  exposed,  the  subject  being  required  to  react  to  one  and  not  to 
the  other. 

Tahle  I. 


aSi      49      a?*     *S 


143      "3      135 
143      IS      "9 


IS      03      "7      19 


O.S  136  19  157 

I. a  136  II  izS 

7.0  142  10  117 

0.3  144  27  150 


a87  ag  30*  S3  = 

264  66  37a  iD  s 

390  36  349  5ft  = 

279  19  a7S  »:  '  = 

330  54  J»3  y  = 


L'nii.  thousandth  of  ■  second. 

O,  subject  of  experiment. 

/;  date  in  Februa^,  1896. 

ma,  milliamp^res. 

S,   simple    reaction-time  without  elec- 


.S^,  simple 


n-time  with  electricity. 


A  glance  at  the  above  table  will  show  a 


almo^  1 


of  both  the  simple  and  complex  times  under  theatM 
current.     A  general  quantitative  statei&ent  of  ihej 

owing  to  variations  in  the  conditions  of  diflercn:* 
It  will  lie  noticed  that  in  the  table  there  arr  i^ 
the  moderate  currents,  .-^gain,  the  effect  ^H 
greatly  on  different  people  and  see 
different  degrees  at  different  times.  Fore 
niilliamperes  on  February  5,  with  no  hai 
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hurt  with  less  than  half  that  amount  a  week  later  and  was  willing  to  per- 
form the  experiment  with  only  o.  3  of  one  milliamp^re. 

However,  in  viewing  all  the  results,  the  few  conflicting  records  are 
lost  sight  of  and  the  conclusion  seems  to  be  clearly  indicated  thil 
the  electric  current  shortens  both  the  simple  reaction-time  and  the  com- 
plex time.  Beyond  this,  by  the  introspective  testimony  of  several  of  the 
subjects,  there  was  a  decided  feeling  of  refreshment  after  the  application 
of  the  electric  current,  the  person  feeling  better  at  the  close  than  at  the 
beginning  of  the  experiment.  In  only  one  case,  where  a  high  current 
of  9  milliamp^res*was  used  (no  reliable  records  could  be  taken )9  vertigo, 
double  vision  and  the  peculiar  metallic  taste  were  noticed  by  the  subject 

From  these  experiments  we  might  perhaps  conclude  that  the  brain  was 
directly  stimulated  and  quickened  in  its  processes.  Nevertheless,  in  con- 
sideration of  the  unusual  character  of  the  case,  we  prefer  at  the  present 
time  not  to  go  beyond  the  statement  that  for  some  unknown  cause  the 
reactions  were  quicker  with  the  electrical  current  than  without  it. 

Influence  of  fatigue. 

The  term  **  fatigue"  is  used  in  different  senses.  It  may  mean  the  con- 
dition of  body  and  mind  resulting  from  the  presence  of  certain  toxic 
products  in  the  blood.  This  kind  of  fatigue  may  arise  from  the  activity 
of  the  organism  itself  in  mental  or  bodily  work,  or  it  may  arise  by  the 
transfusion  of  blood  from  an  already  fatigued  organism.^ 

Fatigue  is  also  used  to  mean  a  direct  deterioration  in  the  functional 
activity  of  the  whole  organism  or  of  some  part  of  it.  When  the  just  per- 
ceptible difference  is  being  repeatedly  measured  in  succession  under  the 
most  favorable  circumstances,  its  size  may  change  with  the  progress  of 
the  series  of  records.  A  change  toward  a  decreased  difference,  or  finer 
sensibility,  is  called  *' a  change  due  to  practice  ;"  a  change  toward  an  in- 
creased difference,  or  lesser  sensibility,  is  called  **a  change  due  to  fa- 
tigue.*' 

Likewise  a  lengthening  of  the  ^tap-time  or  reaction -time  in  a  steadily 
repeated  series — ^all  other  conditions  remaining  the  same — would  be 
called  **  a  change  due  to  fatigue.'*  It  would  seem  better  to  name  it 
directly  the  '*  fatigue  in  tap-time,  in  reaction-time,  etc.,"  because  such 
expressions  as  "due  to  fatigue,"  **due  to  practice,"  etc.,  convey  the 
impression  of  an  explanation  where  none  is  present. 

**  Fatigue  "  is  also  used  to  indicate  a  complexity  of  sensations  usually 
but  not  necessarily  connected  with  toxic  or  functional  fatigue. 


1  Mosso,  Ueber  dU  Gesetze  der  Emiudung,  Arch.  f.   Physiol.   (Du  Bois-Re)rmond), 
1S90,  89. 
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There  are  thus  three  different  phenomena  denoted  by  the  term 
*  *  fatigue : "  ( i )  a  chemical  change  in  the  constitution  of  parts  of  the 
organism  ;  (2)  a  diminution  in  functional  activity;  (3)  a  group  of  sensa- 
tions. These  three  are  usually  connected.  Thus  the  connection  of  the 
amount  of  work  done  (and  the  consequently  available  energy  for  further 
work)  with  the  change  in  the  nerve  cells  has  been  demonstrated  by 
Hodge.  ^  The  connection  between  the  amount  of  work  done  and  the 
sensation  of  fatigue  is  familiar  to  every  one.  The  connection  between 
the  sensation  of  fatigue  and  the  actual  exhaustion  of  the  organism  is  not 
always  maintained ;  thus,  neurasthenia  is  treated  by  Cowles'  as  an  ex- 
hausted condition  of  the  nervous  system  accompanied  by  anaesthesia 
for  fatigue. 

In  the  following  investigations  on  reaction-time  no  regard  is  paid  to  the 
sensation  of  fatigue ;  the  problems  are :  ( i )  What  are  the  characteristics 
of  special  fatigue  in  reaction -time  ?  (2)  Are  these  characteristics  ob- 
servable also  in  cases  of  general  fatigue  ? 

Special  fatigue  in  reaction-time. 

(A.  E.  VON  TOBEL.) 

In  several  different  measurements  closely  related  to  those  of  reaction- 
time,  e.  g.,  tap-time',  accommodation-time*,  fatigue  has  been  observed. 
This  fatigue  may  be  a  fatigue  in  length  whereby  the  average  time  be- 
comes longer,  or  it  may  be  a  fatigue  in  regularity  whereby  the  mean  varia- 
tion becomes  larger.  The  two  kinds  of  fatigue  do  not  follow  the  same 
course ;  in  the  experiments  of  both  Bliss  and  Moore  the  average  time 
of  tapping  is  lengthened  long  before  any  noteworthy  change  appears  in 
the  mean  variation. 

In  the  usual  experiments  on  reaction-time  an  interval  of  about  10"  rest 
follows  each  experiment  and  longer  intervals  follow  groups  of  10  or  20 
experiments.  In  this  way  fatigue  is  usually  avoided.  If,  however,  the 
experiments  are  repeated  in  close  succession  there  is  no  possibility  of 


'  Hodge,  A  microscopical  study  of  the  nerve  cell  during  electrical  stimulation y  Journal 
of  Morphology,  1 894  IX  449. 

2  CowLES,  Neurasthenia  and  its  Mental  S3rmptoms,  Shattuck  Lecture,  Boston,  1891. 

3DRESSLAR,  Somc  influences  which  affect  the  rapidity  of  voluntary  movenunts,  Am. 
Jour.  Psych.,  189I  IV  514. 

Bliss,  Investigations  in  reaction-time  and  attention^  Stud.  Yale  Psych.  Lab.,  1893  I 

45-49- 
Moore,  Sfudics  of  fatigue,  Stud.  Yale  Psych.  Lab.,  1895  III  92. 

♦Moore,  Studies  of  fatigue,  Stud.  Yale  Psych.  Lab.,  1895  III  87. 
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rest.  Series  of  such  experiments  have  been  made  by  Patrizi.*  The 
stimulus  occurred  at  intervals  of  2*  and  the  subject  was  to  react  as  quickly 
as  possible  each  time.  The  same  characteristics  were  found  as  in  ta^ 
ping  and  accommodation,  namely,  a  lengthening  of  the  average  time 
and  an  increase  in  the  mean  variation. 

It  was  determined  to  carry  the  problem  further,  and,  in  reference  to 
certain  observations  on  methods  of  inducing  hypnotic  sleep,  to  deter- 
mine in  what  particular  part  of  the  process  the  fiitigue  arose.  It  was 
proposed,  therefore,  to  investigate  the  &tigue  in  the  case  of  repeated 
flashes  of  light,  and  to  determine  whether  it  is  due  to  the  muscles  of  ac- 
commodation and  convergence,  to  attention*  or  to  both  muscles  and 
attention. 

The  flash  was  produced  by  a  small  Geissler  tube,  connected  with  a 
spark  coil  in  the  adjoining  room.  The  primary  circuit  of  the  coil  passed 
through  a  modified  Wuxdt  contact-apparatus.'  This  was  so  arranged 
that  a  revolving  arm  made  contact  at  definite  points  with  brass  blocks 
in  such  a  way  as  to  illuminate  the  tube  at  regular  intervals. 

The  tube  was  placed  on  a  table  in  the  isolated  room  and  the  subject 
was  seated  before  it.  The  room  is  so  constructed  that  neither  light  nor 
sound  can  enter  from  the  outside.'  The  room  was  supplied  with  fresh 
air  by  a  blower,  operated  from  the  floor  below. 

A  telegraph  key  in  the  isolated  room  was  arranged  in  a  circuit  with  a 
DEPREZ-marker  which  wrote  on  the  drum  of  a  kymograph.  A  subject  was 
told  to  press  the  key  in  response  to  each  flash  ;  nothing  was  said  about  re- 
moving the  pressure.  The  pressing  of  the  key  caased  a  downward  move- 
ment in  the  point  of  the  marker  and  the  release  of  the  key  a  movement 
back  to  the  original  position.  We  thus  have  two  mental  phenomena  re- 
corded: the  first  is  the  reaction-time  from  the  moment  of  the  flash  to  the 
pressure  on  the  key ;  the  second  is  the  length  of  time  during  which  the 
subject  chooses  to  hold  the  key  down. 

The  experiments  were  continued  during  a  long  inter\'al.  Records 
were  taken  for  a  number  of  times  at  the  beginning  and  then  for  a  number 
of  times  at  the  end.  Mr.  von  Tobel,  a  college  senior,  was  the  subject 
of  the  experiments. 

After  a  sufficient  number  of  records  had  been  taken,  the  drum 
was  allowed  to  revolve  without  being  moved  axially ;  the  reactions 
continued  as  before,  but  the  records  overlapped  and  were  not  regarded. 


^Patrizi,  La  graphique psychomitrique  de  r attefttion^  Archives  ital.  de  biologie,  1894 
XXII  187. 
•WuNDT,  Fhysiologische  Psychologic,  II  424,  I^ipzig,  1893. 
•Bliss,  Investigations  in  reaction-time  and  attention^  Stud.  Yale  Psych.  I^b.,  1893  ^  *• 
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After  the  desired  interval  the  drvim  was  again  moved  axially  and  the  rec- 
ords were  separated.  The  reaction -times  were  longer  and  very  irregular. 
The  time  of  holding  was  enormously  lengthened.  As  nothing  had  been 
said  to  the  subject  concerning  releasing  the  key,  it  was  done  semi-con- 
sciously.  The  time  of  holding  was  sometimes  so  long  that  the  subject  was 
apparently  not  fully  awake.  In  fact,  various  statements  of  the  subject 
showed  that  on  some  occasions  he  had  fallen  into  a  half-dazed  condition 
resembling  the  first  stage  of  passage  toward  hypnotic  sleep. 

The  further  details  of  the  apparatus  were  the  usual  ones.  The  drum 
was  timed  by  the  Jacquet  chronometer.  The  records  were  read  in  hun- 
dredths of  a  second ;  the  next  decimal  arising  in  the  averages  was  re- 
tained. 

In  the  first  series  of  experiments  the  room  was  kept  dark.  Both  eyes 
were  open  and  relaxed.  The  appearance  of  the  flash  caused  both  con- 
vergence and  accommodation.  In  the  next  series  one  eye  was  bandaged 
in  order  to  reduce  the  convergence  ;  it  is  an  easily  demonstrable  fact  that 
the  closed  eye  only  partially  performs  the  movement  necessary  for  con- 
vergence. In  a  third  series  one  eye  is  bandaged  as  before,  but  a  light  is 
turned  on  in  the  room ;  as  the  subject  looks  constantly  at  the  tube  all  the 
time,  the  condition  of  accommodation  is  a  steady  one.  In  all  three 
cases  the  mental  condition  known  as  **  attention**  is  present;  in  the 
third  there  is  no  noticeable  muscular  effort  in  the  eyes ;  in  the  second 
there  is  at  each  flash  a  definite  change  of  accommodation  with  imperfect 
c  onvergence  and  in  the  first  there  are  definite  acts  of  both  accommoda- 
tion and  convergence. 

The  first  record  was  as  follows:  No  light  in  the  room  ;  both  eyes  open ; 
flashes  once  in  two  seconds — 


Reaction- time. 

Mean  Variation. 

Holding- time. 

At  start 

195<r 

1\9 

Z^^ 

After  5™ 

300 

43 

753 

Fatigue 

105 

32 

434 

Here  we  see  that  after  five  minutes,  or  about  150  flashes,  the  time  of 
reaction  was  increased  about  60%,  the  time  of  holding  down  the  key 
was  lengthened  about  130%,  and  the  irregularity  was  four  times  as  great. 
The  subject  states:  **  During  the  experiment  I  felt  a  strong  sense  of 
contraction  between  the  eyes.  I  also  found  that  it  required  great  effort 
to  keep  the  attention  fixed  on  the  tube.  It  seemed  to  float  around  and 
move  upward.** 
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The  next  record  was  taken  tinder  exactly  the  same  conditions,  but  was 
continued  for  lo" — 


Reactkn-tmie. 

Mean  Variatioo. 

Holding- 

At  start 

224^ 

lOf 

163* 

After  lo» 

304 

32 

837 

Fatigue 

80 

22 

674 

The  reaction -time  increased  about  35  %,  the  holding-time  over  400%,  and 
the  irregularity  300%.  "  The  bodily  effects  were  much  the  same  as  be- 
fore, only  more  intense.  Tears  flowed  freely  from  the  eyes,  the  feeling 
of  contraction  between  the  eyes  became  almost  painful  and  there  was  a 
sort  of  general  lassitude  and  disinclination  to  move.  * ' 

For  the  third  record  all  conditions  were  the  same  as  before,  except  that 
one  eye  was  bandaged.  In  this  set  a  series  of  records  was  taken  after  an 
interval  of  1 5  minutes  also.     The  results  were  as  follows — 


Rdaction-time. 

Mean  Variation. 

Holding-tioie. 

At  start 

24I' 

13' 

404' 

After  5- 

32S 

33 

758 

"      IO» 

297 

25 

859 

"     15- 

337 

34 

593 

Fatigue  at 

5- 

87 

20 

354 

i(       <i 

io» 

56 

12 

455 

a          *t 

15- 

96 

21 

189 

**  In  this  series  I  felt  much  greater  effects  than  in  any  of  the  others  and 
seemed  to  approach  nearer  a  hypnotic  state.  There  was  a  general  feel- 
ing of  fatigue  all  over  the  body,  accompanied  by  a  slight  stiffness  of  the 
joints,  also  a  feeling  of  floating  off  in  the  air  or  of  dropping  off  to  sleep." 

The  last  set  of  experiments  was  taken  with  only  one  eye  open  and 
with  a  light  in  the  room,  thus  eliminating  the  acts  of  accommodation 
and  (practically)  of  convergence.     The  results  were  as  follows: 


Reaction-time. 

Mean  Variation. 

Holding-time. 

At  sUrt 

267<r 

24<r 

I76<r 

After  S" 

278 

10 

184 

"     IO» 

296 

10 

652 

Fatigue  at 

5" 

II 

-14 

8 

<t      (< 

10- 

29 

-14 

476 

The  results  apparently  show  that  fatigue  of  attention  alone  produces 
— at  least  within  the  first  10" — very  little  lengthening  of  reaction- 
time.     The   increased    regularity — ** practice" — continues.     The    ten- 
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dency  of  the  subject  to  finally  "fall  asleep"  over  his  work  is  shown 
in  the  greatly  increased  holding-time  in  the  last  case. 

A  comparison  of  all  the  results  seems  to  indicate  the  following  con- 
clusions : 

1.  The  fatigue  in  reaction-time  increases  with  the  complexity  of  the 
adjustments  required  for  perceiving  the  stimulus.  There  is  least  fatigue 
when  only  an  effort  of  attention  is  involved,  more  when  the  act  of 
accommodation  is  added  and  still  more  when  the  act  of  convergence  is 
also  added. 

2.  The  tendency  of  the  subject  to  fall  into  a  condition  of  daze,  as 
indicated  by  the  holding-time,  depends  on  the  fact  of  repetition  of  the 
stimulus  (fatigue  of  attention?)  as  well  as  on  the  fatigue  from  the  ad- 
justments. 

The  application  of  these  results  to  the  common  methods  of  hypnotiz- 
ing requires  no  remark. 

General  fatigue  and  reaction-time. 

(John  L.  Burnham.) 

Experiments  on  simple  and  complex  reaction-time  were  made  with  the 
chronoscope  in  the  manner  previously  described  (p.  12).  The  morn- 
ing records  were  made  at  8:30,  just  before  the  duties  of  the  day  began, , 
i.  e.,  just  after  breakfast  and  before  the  first  recitation  in  college.  The 
afternoon  records  were  made  at  5:30,  after  the  day's  work  had  closed 
with  a  two  hours  session  of  laboratory  work.  The  results  of  several 
series  of  experiments  are  given  in  Table  II. 


Table  II. 

• 

Morning. 

Afternoon. 

Difference 

Subject.        S 

d      n        C 

d 

n 

S       d      n        C      d 

n 

S      C 

Smith          119 

10    60      263 

38 

60 

127     16    60      30^    34 

60 

8      46 

V.  Tobel      146 

16    20      281 

43 

20 

149     10    20      281     29 

20 

3        0 

Burnham     128 

13    80      256 

29 

80 

141     15     80      278    27 

80 

13       22 

Unit,  thousandth  of  a  second. 

Cf  complex  reaction-time. 

Sf  simple  reaction- time. 

df  mean  variation. 

The  bearing  of  this  table  of  results  is  evident.  The  table  shows  an 
average  lengthening  of  the  afternoon  records  over  those  of  the  morning 
by  19*^  in  simple  and  24^  in  complex  time.  This  is  a  loss  of  isj4%  in 
one  case  and  of  17%  in  the  other. 


to 
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It  will  be  noticed  that  general  fatigue  has  a  very  small  influence  on  re- 
action-time as  compared  with  special  &tigue. 

It  may  be  interesting  to  add  that  at  the  end  of  these  afternoon  records 
a  few  records  were  sometimes  taken  under  the  electrical  stimulus.  This 
resulted  in  a  shortening,  but  never  enough  to  bring  the  time  down  to 
that  of  the  morning.  This  seemed  to  indicate  that  the  &tigue  of  the 
mind  by  a  day's  work  is  greater  than  can  be  overcome  by  the  stimulating^ 
action  of  the  electrical  current,  at  least  as  used  in  these  experiments. 

Influence  of  tension  on  the  reacting  finger. 

(John  L.  Burnham.) 

The  problem  was  suggested  by  the  consideration  that  there  might  be 
some  relation  between  the  time  of  reaction  and  the  energy  of  reaction. 

The  first  set  of  experiments  took  the  form  of  a  constant  tension  applied 
to  the  reacting  finger  just  before  and  during  the  experiment,  whereby  the 
reaction  involved  the  moving  of  a  weight.  For  this  purpose  a  set  of 
pulleys  was  arranged  with  a  cord  running  over  them.  At  one  end  the 
cord  passed  through  a  tape  around  the  index  finger  of  the  reacting  hand 
and  at  the  other  a  looo'  weight  was  attached.  When  the  hand  was  put  in 
position  for  reacting,  the  weight  swung  free.  Thus  there  was  a  tension  or 
I  goo'  on  the  finger  at  the  start  and  the  whole  mass  must  be  raised  by  the 
finger  as  it  pushed  the  key  in  reacting. 

The  first  three  records  were  taken  on  February  15  and  19,  1896.  The 
results  were  so  unexpected  in  various  ways  that  the  experiments  were  re- 
peated for  the  observer  E.  W.  Scripture  at  a  later  date,  April  29,  1897,, 
with  the  results  as  shown  in  the  last  record  of  the  table. 


Table  III. 

Light. 

Sound. 

Subject. 

R 

d 

J^k 

d 

B 

R 

d 

Rk 

d 

S 

J.  B. 

127 

9 

127 

6 

0 

I3« 

9 

123 

8 

8 

J.  D. 

120 

28 

107 

6 

13 

108 

8 

lOl 

7 

7 

E.  W.  S. 

152 

26 

128 

II 

24 

172 

30 

136 

16 

36 

E.  W.  S. 

127 

12 

no 

10 

17 

132 

9 

122 

8 

10 

Weighted  mean 

132 

19 

118 

8 

14 

136 

14 

121 

10 

IS 

Unit,  thousandth  of  a  second. 
R,  reaction  without  weight 
Rkj  reaction  with  weight. 
B,  shortening  due  to  weight. 


d,  mean  variation. 

Each  figure  is  the  average  for  ten  experi- 
ments. 
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The  shortening  of  the  time  is  evident.  Another  noteworthy  fact  is  the 
increase  in  the  regularity  of  the  reactions  as  indicated  by  the  decrease  in 
the  mean  variations.  When  errors  of  the  apparatus  and  method  are 
-eliminated,  the  mean  variation  is  a  mental  quantity  expressing  the  sub- 
ject's definiteness  of  perception  and  response.^  This  definiteness  makes 
up  a  large  part  of  the  vague  group  of  phenomena  which  goes  under  the 
name  of  ** attention." 

The  following  conclusions- seem  justifiable  : 

1.  Increased  definiteness  of  the  act  to  be  performed  shortens  the  time 
required  to  begin  it.  In  the  case  of  the  experiments  with  sound  the 
action  of  the  weight  lay  mainly  or  entirely  in  forcing  **  attention  '*  to 
the  finger  to  be  moved.  This  was  distinctly  felt  by  the  subject.  When 
the  weight  was  removed,  the  subject  noticed  the  increased  difficulty  of 
attending  to  the  movement.  The  shortening  in  time  was  8*^  in  the  case 
of  sound.  • 

2.  Increased  definiteness  of  the  expectant  image  of  the  sensation 
shortens  the  time  required  for  responding  to  it.  In  the  experiments  on 
sight  the  stimulus  was  just  above  the  finger  and  any  increased  attention 
would  include  it  also.  It  could  be  directly  observed  introspectively  that 
the  strain  on  the  finger  forced  attention  to  the  place  just  behind  it  where 
the  signal  was  to  appear.  The  decreased  ease  of  attention  when  the 
weight  was  removed  was  noticed  here  also. 

3.  The  reaction-time  decreases  as  the  mental  tension  increases.  This 
follows  from  the  preceding  conclusions.  It  is  still  more  strongly  brought 
out  by  the  following  facts : 

a.  Reactions  with  the  pendulum  chronoscope  are  always  quicker  than 
with  other  methods.  This  can  be  seen  by  comparing  these  figures 
with  those  obtained  (p.  17)  by  use  of  the  graphic  method  and 
the  isolated  room.  This  fact  has  been  repeatedly  noticed  on  various 
persons.  An  example  of  the  short  time  required  is  seen  in  the  average 
of  179*^  for  19  students  (p.  10).  A  similar  statement  is  true  of  Gilbert's 
results  with  his  reaction-board.*  The  explanation  is  not  hard  to  find. 
When  the  subject  is  placed  in  a  quiet  room  away  from  all  excitement, 

*  This  view,  definitely  advocated  and  explained  in  The  New  Psychology,  I^ndon , 
1897,  has  for  several  years  been  part  of  my  regular  teaching.  It  is  implied  in  the  calcu- 
lations published  by  Gilbert  in  Stud.  Yale  Psych.  Lab.,  1894  II  77  etc.,  and  by 
Moore  in  the  same,  1895  III  76.  Definite  explanations  of  the  meanings  and  relations 
of  what  I  have  termed  the  **  individual  mean  variation,"  and  the  *'  statistical  mean  varia- 
tion" are  given  in  the  Zt.  f.  Psych,  u.  Physiol,  d.  Sinn.,  1 896  X  163,;  see  also  the  sum- 
mary to  Nadler's  article  on  p.  8  above. 

*  Gilbert,  Researches  on  the  mental  and  physical  cUvelopment  0/  schooi- children  ^  Stud. 
Yale  Psych.  Lab.,  1894  II  78. 
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there  is  nothing  for  him  to  do  but  to  sit  at  ease  till  the  warning  for  work 
arrives,  and  he  &lb  into  a  more  or  less  comfortable  or  relaxed  condition  of 
mind  and  body  which  is  decidedly  contrasted  with  that  experienced  with 
the  apparatus  and  experimenter  at  his  very  &ce.  The  tense  condition  of 
mind  under  such  circumstances  is  very  evident  to  every  one  who  reacts  at 
the  chronoscope. 

b.  The  shortening  of  the  reaction-time  becomes  especially  marked  in 
reactions  to  sight.  The  presence  of  the  sight-shutter  just  above  the  react- 
ing finger  is  conducive  to  the  strictest  attention.  The  reactions  to  sound 
do  not  gain  in  a  similar  manner,  and  thus  it  frequently  results  that  a 
subject's  reaction  to  sight  is  shorter  than  that  to  sound. 

Influence  of  the  amount  of  effort. 

(Gerry  R.  Holden.) 

The  experiments  with  the  strain  on  the  finger,  reported  in  the  preced- 
ing section,  had  been  planned  for  the  purpose  of  solving  the  problem 
of  the  influence  of  the  amount  of  effort  on  the  time  required  for  reacting. 
The  records  proved  from  the  start  just  the  reverse  of  what  was  expected, 
and  it  soon  became  clear  that  the  constant  strain  on  the  finger  produced 
an  increase  in  attention  which  entirely  overbalanced  any  effect  of  the  in- 
creased effort. 

Experiments  were  now  planned  in  which  there  was  no  strain  on  the 
finger  before  the  reaction  and  in  which  the  subject  was  placed  in  the  iso- 
lated room  utterly  away  from  the  apparatus.  Both  factors  of  the  increased 
attention  in  the  previous  experime;its  were  now  eliminated. 

The  reaction-key  was  made  from  a  double  contact  telegraph  key  by 
lengthening  the  rear  arm  of  the  lever.  A  cord  was  attached  to  the  lever 
and  weights  could  be  hooked  at  the  end.  The  back  contact  of  the  key 
supported  the  weight  until  the  knob  was  pressed.  Pressure  on  the  knob 
broke  the  contact,  and  lifted  the  weight  at  the  same  moment. 

The  graphic  method  of  recording  by  means  of  the  multiple  key  was 
used.^  Pressure  on  the  multiple  key  in  the  experiment  room  closed  a 
sounder  circuit,  broke  the  primary  circuit  of  a  spark  coil  and  immediately 
closed  it  again.  A  spark  was  thus  made  on  the  time-line  of  the  drum  at 
the  moment  of  sending  the  current  through  the  sounder,  which,  with  a 
correction  for  the  latent  time,  gives  the  moment  of  the  sound  in  the 
isolated  room.  The  subject  broke  the  same  primary  circuit  and  made  a 
second  spark  on  the  time-line. 


>  Bliss,  Investigations  in  reaction- tinu  and  attention ^  Stud.  Vale  Psych.  Lab. ,  1 893 
I  10.     The  Utest  model  of  this  key  is  described  below  among  the  new  apparatus. 
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The  subject's  finger  rested  upon  the  key  with  no  exertion  and  no  ten- 
sion of  the  muscles.  Experiments  were  made  at  intervals  of  1 5".  E^ch 
experiment  was  preceded,  as  usual,  by  a  warning.  An  interval  of  about 
10"  (during  which  the  ventilating  blower  drove  fresh  air  into  the  room) 
was  taken  for  rest  after  each  set  of  25  or  30  experiments.  Smaller  rest 
intervals  occurred  as  the  weight  was  changed..  Practice  and  fatigue  were 
compensated  in  the  usual  way  by  the  order  of  the  experiments. 

Each  set  of  records  for  any  one  weight  was  preceded  by  experiments 
(not  recorded)  with  the  same  weight  in  order  to  produce  in  the  mind  ot 
the  subject  a  definite  idea  of  the  effort  to  be  exerted. 


Table  IV. 
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The  conclusion  to  be  drawn  is  different  from  the  one  expected.  No 
definite  relation  is  to  be  found  between  the  amount  of  effort  and  the 
time  of  reaction,  the  results  being  irregular  and  contradictory.  Careful 
observation  showed  the  source  of  the  irregularity.  The  finger  being  in  a 
passive  condition,  it  was  necessary  for  the  muscles  and  joints  to  do  con- 
siderable work  before  the  movement  began.  Moreover,  the  soft  tissues 
at  the  end  of  the  finger  would  yield  considerably  before  the  key  would 
move.  Not  only  was  time  consequently  lost,  but  the  complicated  adjust- 
ments, especially  for  the  heavier  weights,  rendered  the  records  irregular. 
Thus,  although  the  method  of  obtaining  the  definite  effort  had  been 
found,  the  method  of  recording  the  result  was  not  adequate  for  the  pur- 
pose for  which  the  work  was  undertaken.  The  figures,  however,  prove 
one  very  important  feet,  namely,  that  the  tension  of  the  spring  of  the 
telegraph  key  alters  the  record  for  the  reaction-time.  Some  definite 
standard  tension  must  be  adopted  if  results  by  different  observers  and 
on  different  occasions  are  to  be  comparable.  The  tension  of  o  would 
appear  to  be  the  best  for  adoption.  This  is  the  case  in  the  slide  reaction 
key*  and  in  a  telegraph  key  adjusted  so  that  the  back» contact  rests  in 
place  with  little  or  no  tension  of  the  spring. 


>  ScRiFfURE  AND  MoORE,  A  new  reacHofi-key  and  the  time  of  voluntary  movement^ 
Stud.  Yale  Psych.  Lab.,  1893  I  88. 
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The  next  step  was  to  eliminate  the  effect  of  strain  on  the  finger.  This 
was  done  by  having  the  subject  always  react  with  a  key  of  no  tension ; 
the  telegraph  key  was  used  in  order  not  to  introduce  any  further  change. 
The  finger  necessarily  remained  passive,  as  the  key  responded  to  the 
slightest  movement.  The  subject  reacted  in  alternate  sets  with  two  de- 
grees of  voluntary  effort.  The  degrees  were  defined  as  "light"  and 
"  strong ;  "  the  intention  was  to  make  the  effort  correspond  somewhat  to 
the  extremes  of  o  and  the  heaviest  weight  in  the  previous  set,  but  no 
measurements  were  made  on  the  actual  energy  of  effort. 

The  results  are  given  in  Table  V. 


' 
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Unit,  thousandth  of  a  second. 
Ry  reaction-time. 
</,  mean  variation. 


n^  number  of  measurements. 
I       D,  decrease  in  R  for  strong  as  compared 
'    with  light  effort. 


The  figures  for  the  colored  janitor,  Fisher,  are  interesting.  Having 
been  accustomed  for  several  years  to  serve  as  subject  in  exercises  and  in- 
vestigations, he  is  perfectly  at  home  in  the  work  and  yet  has  no  interest 
or  concern  in  the  experiment  beyond  carrying  out  the  instructions ;  these 
fects  make  his  record  very  reliable.  His  unusually  long  reaction-time 
has  been  observed  for  several  years. 

The  problem  has  thus  found  a  definite  solution  :  the  intensity  of  the 
effort  affects  the  reaction-time,  making  it  shorter  for  the  greater  intensity. 


Simple  and  cortical  reacfion-time. 
(Howard  F.  Smith,  M.D.) 

The  determination  of  the  time  of  a  motor  response  to  a  direct  stimu- 
lation of  the  cerebal  cortex  and  a  comparison  of  this  time  with  the  sim- 
ple reaction-time  of  the  subject  would  apparently  lead  to  certain  con- 
clusions concerning  the  relation  between  mental  and  cerebral  processes. 
The  attempt  has  been  .made  iji  the  following  manner.  . 

A  cat  was  held  quietly  in  the  hands  of  an  assistant.  A  double  pointed 
platinum  electrode  was  rested  against  the  skin  at  a  suitable  point.     A 
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touch  key^  was  rested  against  the  same  member  in  such  a  way  that  a 
movement  would  break  an  electric  circuit.  The  electrode  was  connected 
with  the  secondary  coil  of  an  inductorium  ;  an  interrupted  current  was 
sent  through  the  primary  coil.  The  inductorium  was  so  connected  with 
the  chronoscope  that  the  electrodes  stimulated  the  skin  as  the  index 
passed  the  zero  point.  The  touch  key  was  connected  with  the  magnets 
that  stop  the  index.  Thus,  when  the  pendulum  was  released,  a  moderately 
noticeable  (but  not  painful)  electric  shock  was  given  to  the  foot  or  the  lip, 
and  the  consequent  reaction  by  withdrawing  the  leg  or  raising  the  head 
broke  the  circuit  of  the  touch  key  and  made  a  record  on  the  chronoscope. 

The  first  experiments  were  made  on  a  cat  weighing  nearly  three  kilo- 
grams. The  stimulus  was  applied  ( i )  to  the  right  fore  foot  with  the  key 
against  the  elbow;  (2)  to  the  right  hind  foot,  with  the  key  pressed 
against  the  heel  5(3)  to  the  upper  lip  with  the  key  on  the  top  of  the 
head.  The  results  were  (//,  mean  variation  ;  «,  number  of  experiments)  : 
right  fore  foot,  96*^  ('^  =  o.ooi',  //=  26',  «  =a  7)  ;  right  hind  foot, 
ii6'(//=38<',  «  =  4);  lip,  61'  (//=9^  ««7). 

The  next  experiments  were  made  with  a  cat  weighing  four  kilograms. 
The  results  were:  right  fore  foot,  4i»^  (//=  2*^,  « =  3)  ;  right  hind 
foot,  62*'  (^=  o,  ^  —  4)  ;  lip>  62*'  (//=  8',  n  =s  5). 

With  the  second  cat  we  proceeded  to  a  determination  of  the  cortical 
reaction -time  by  etherizing  the  animal  in  the  usual  way. 

Before  the  operation  was  begun  but  after  the  etherization  (surgical  de- 
gree) had  been  effected,  the  experiments  on  sensory -motor  reaction  were 
again  tried  with  the  same  intensity  of  stimulation.  No  response  was  re- 
ceived anywhere  except  from  the  ear,  57*^  (//=»  8*^,  «  =»  2). 

It  is  a  curious  fact  that  the  muscle  here  involved,  the  Retrahens  aureniy 
is  one  which  man  has  practically  lost  the  use  of.  When  the  temporal 
muscle  was  laid  bare  by  the  operation,  it  was  found  to  respond,  when 
stimulated  directly,  with  a  time  of  6^^  ('^=  n*',  «  =  3)- 

The  cortex  was  then  exposed  by  the  usual  surgical  procedure.  The  motor 
centers  were  found  by  the  electrode  and  the  key  was  applied  in  such  a 
manner  as  to  record  the  movements.  •  The  movements  produced,  how- 
-ever,  were  not  quite  the  same  as  those  used  for  the  sensory-motor  re- 
action. The  results  were :  supination  of  right  fore  leg,  184*^  (//=7^, 
«=2)  ;  advance  of  right  hind  leg,  161*^  (//aBf6<',  «a=6)  ;  raising  of 
head,  ^^^  (^=i7<',  /i=s2);  elevation  of  right  side  of  upper  lip,  37*^ 
{//s=6<',  //=6)  ;  closing  of  right  eye,   61*^  {d^s^ii^,  «=3)- 

We  notice,  first,  the  remarkably  quick  reaction  of  the  cat,  being  as  quick 

•.Scripture,  Some  nnv  apparatus.  Stud.  Yale  Psych.  I^b.,  1895  III  loS. 
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as  41'  for  the  right  fore  foot.  This  may  be  compared  with  that  of  89^  for 
a  dog  about  twice  as  large  as  the  cat* ;  it  is  far  below  the  time  for  human 
beings,  which  rarely  falls  as  low  as  100'.  We  next  notice  that  the  second 
cat,  though  larger,  was  much  the  quicker  in  each  kind  of  reaction.  In 
both  cases  the  hind  foot  was  20*^  slower  than  the  fore  foot.  This  is 
analogous  to  results  obtained  by  Cattell  and  Dolley  for  human  beings.* 

Etherization  destroys  the  reactions,  presumably  by  cutting  off  the  sen- 
sory half.  It  seems,  also,  that  it  seriously  affects  the  motor  centres,  as 
the  cortical  reaction  for  the  hind  leg  was  loC  longer  even  than  the 
complete  reaction  before  etherization.  It  would  be  difficult  to  draw  any 
conclusion  concerning  the  relative  portion  of  the  complete  reaction -time, 
which  is  used  by  the  cortical  reaction.  Even  if  we  assume  that  the  corti- 
cal time  is  one -half  of  the  complete  time  (probably  by  far  too  great  a  pro- 
portion), we  have  33*'X  2  =:  66*^  for  the  head-movement  corresponding  to 
the  lip  stimulation  with  raising  head,  which  yielded  only  ^v.  The  dis* 
crepancy  is  undoubtedly  due  to  the  retardation  caused  by  the  use  of  ether. 

In  conclusion  we  may  point  out  the  peculiar  importance  of  such  re- 
searches as  these  for  physiological  psychology.  For  experimental  psy- 
chology as  applied  to  man  the  simple  reaction-time  consists  of  a  process  or 
sensation  (perception)  and  one  of  volition.  For  physiology  the  reaction 
consists  in  transmission  of  the  irritation  to  the  brain,  various  processes  in 
the  brain  and  transmission  of  an  impulse  to  the  muscles.  What  is  the  re- 
lation between  the  two  sets  of  simultaneous  phenomena?  As  an  example 
of  some  of  the  problems  that  present  themselves  in  this  resi)ect,  we  may 
mention  that  of  the  character  of  the  ''motor  centers"  of  the  cortex* 
Are  they  truly  motor  centers  governing  the  muscles  directly  or  are  they^ 
rather,  sensory  centers  from  which  impulses  proceed  to  motor  centers  at 
lower  points  in  the  brain  ?  In  terms  of  time  are  they  connected  with 
earlier  or  later  processes  in  the  reaction  ?  We  may  hope  some  day  ta 
answer  the  question  by  experimental  means. 

Perhaps  the  most  important  bearing,  however,  of  these  experiments  is  to 
be  found  in  the  fact  that,  following  Wever's  investigation,  they  show  the 
possibility  of  applying  some  of  the. psychological  methods  to  the  study  of 
animals.  It  is  the  firm  belief  of  the  editor  of  the  Studies  that  a  quantita- 
tive science  of  comparative  psychology  can  l)e  established  by  the  proper 
development  and  modification  of  the  methods  of  experimental  psychology. 


*  Weyer,  Some  experiments  on  the  reaction-time  of  a  dog,  Stud.  Vale  Psych.  Lab.,, 
1895  III  96.        .  / 

•Cattell  and  Dolley,  On  reaction-times  and  the  velocity  of  the  nenous  impuUe^ 
Memoirs  of  the  U.  S.  Nat.  Acad,  of  Sciences,  1896  VII  404;  previously  summarized 
in  the  Psych.  Rev.,  1894  I  159. 


INFLUENCE  OF  THE  RATE  OF  CHANGE  UPON  THE  PER 
CEPTION  OF  DIFFERENCES  IN  PRESSURE 

AND  WEIGHT. 

BY 

C.  E.  Seashore,  Ph.D. 

Among  those  who  have  experimentally  advanced  our  psychological 
knowledge  of  the  effects  of  very  slow  rates  of  change  in  the  stimulation 
of  the  senses  are  Heinzmann',  Fratscher*,  Prever'  and  Sedgwick*. 
More  or  less  systematic  investigations  have  been  made  on  changes  be- 
tween the  slowest  perceptible  and  the  instantaneous  ones  by  Prever*^ 
Hall  and  Donaldson*,  Hall  and  Motora^  Scripture',  Stern*  and 
Stratton*®. 

Research  on  this  subject  has  demonstrated  several  general  facts:  (i) 
The  tendency  of  sensation  to  vary  with  the  rate  of  stimulation  is  not 
primarily  a  peculiarity  of  any  particular  sense,  because  it  is  determined 
by  general  mental  factors  which  enter  into  the  perception  of  weak  stimuli 
of  all  the  senses  in  a  similar  manner.  (2)  The  main  value  of  knowledge 
of  the  laws  here  obtained  does  not  lie  in  the  acquaintance  with  the  func- 
tioning of  the  particular  sense  organs  that  they  furnish,  but  rather  in  that 

1  Heinzmann,  Uebwr  die  Wirkung  sehr  allmdliger  Aenderungen  thermischer  Reite  auf 
die  Empfindungsnerven ^  Archiv  f.  d.  ges.  Physiol.  (I*flliger),  1872  VI  222. 

*  Fratscher,  Ueber  continuirliche  und  langsame  Nervenreizung^  Jenaische  Zeitschrift 
f.  Naturwissenschaft,  1875  1^  (n.  F.  II )  1 30. 

'  PREYER,  Die  Empfindung  ah  Function  der  Reizdnderung^  Zt.  f.  Psych,  u.  Physiol, 
der  Sinn.,  1894  VII  241. 

*  Sedgwick,  On  the  variation  of  reflex  excitability  in  the  frog  induced  by  changes  of 
temperature.  Stud,  from  the  Biol.  Lab.,  Johns  Hopkins  Univ.,  1882,  385. 

*  pREYER,  Die  Grenzen  der  Tonwahmehmungy  Jena  1876. 

6  Hall  and  Donaldson,  Motor  sensations  on  the  skin.  Mind,  1885  X  557. 

^  Hall  and  Motor  a.  Dermal  sensitiveness  to  gradual  pressure  changes  ^  Am.  Jour. 
Psych.,  1887  I  72. 

8  Scripture,  On  the  method  of  minimum  variation^  Am.  Jour.  Psych.,  1892  IV  577  \ 
Ueber  die  Aenderungsempfindlichkeity  Zt.  f.  Psych,  u.  Physiol,  d.  Sinn.,  1893  VI  472. 

'Stern,  Die  Wahmehmung  von  Helligkeitsveranderungen,  Zt.  f.  Psych,  u.  Physpl. 
d.  Sinn.,  1894  VII  .24^and  395;  Die  Wahmehmung  von  Betoegungen  vermittelst  des 
Auges,  same  volume  p.  321,  and  Die  Wahmehmung  von  Tonverdnderungen,  same,  1 896 
XI  I. 

^^  Stratton,  C/eber  die  Wahmehmung  von  DrUckdnderungen  bei  verschiedenen  Ge- 
schwindigkeiteny  Phil.  Stud.,  1896  XU  525. 
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they  become  accessory  means  by  which  we  may  investigate  the  involved 
central  conditions  of  sensational,  emotional  and  voluntary  reaction.  (3) 
There  are  probably  three  stages  of  this  time  influence  for  all  senses,  (a) 
The  threshold  for  the  preception  of  instantaneous  change  is  generally  lower 
than  the  threshold  for  any  gradual  change,  (b)  A  gradual  change  may 
be  so  slow  that  it  cannot  be  perceived  in  any  period  during  which  it  may 
be  studied,  even  though  the  compared  stimulus  may  be  raised  to  several 
times  the  intensity  of  the  standard  and  in  some  cases  produce  fatal  re- 
sults, (c)  The  variation  of  sensitiveness  in  the  region  between  these  two 
extremes  of  change  depends  upon  several  complex  central  and  peripheral 
conditions  with  reference  to  which  it  must  be  defined. 

The  present  report  is  upon  experiments  in  two  different  senses,  pres- 
sure and  muscle  sense,  in  which  gradual  changes  are  compared  with  each 
other  and  with  instantaneous  change.  The  investigation  was  in  progress 
in  the  Yale  Psychological  Laboratory  from  October,  1895,  to  February, 
1897. 

I.  Effect  of  the  rate  of  change  upon  the  perception  of  increase 

IN  PRESSURE. 

The  object  of  this  first  series  of  experiments  is  to  determine  the  law  of 
sensitiveness  to  increase  in  pressure  when  the  increase  is  made  at  various 
representative  rates  of  gradual  change.  The  problem  requires  the  follow- 
ing experimental  conditions :  ( i )  an  initial,  standard  pressure  over  a- 
definite  area ;  (2)  a  uniform  increase  in  this  at  several  desired  rates  with- 
out any  other  disturbance  of  the  original  pressure;  and  (3)  the  means  of 
varying  the  rate  and  amount  of  increase.  After  considerable  preliminary 
work  I  found  that  these  conditions  were  best  fulfilled  by  a  hydrostatic 
balance.  The  one  used  is  constructed  on  the  principle  that  a  solid  body, 
.gradually  immersed  in  a  liquid,  loses  weight  in  proportion  to  the  displace- 
ment of  the  liquid.  It  will  be  described  in  j)arts  for  convenient  reference 
in  the  successive  series  of  experiments. 

Apparatus  A, 

I.  The  graduated  tube.  This  consists  essentially  of  a  vertical  glass 
tube,  continued  at  the  lower  end  by  a  U-shaped  metal  tube  which  is 
terminated  by  metal  nozzles.  The  vertical  tube  has  an  inside  diameter 
of  42""^ and  is  SS^"^  l©ng.  The  curved  tube  has  an  inside  diameter  of 
as""  and  the  radius  of  its  curvature  is  120"*".  There  is  an  outlet  at  the 
lowest  point  of  this  tube  through  which  the  water  may  be  conducted  into 
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an  escape  tube  by  opening  a  pinch  cock.  The  free  end  of  the  U-tube  is 
adjusted  for  the  insertion  of  nozzles  to  regulate  the  stream  of  water  which 
shall  pass.  These  are  interchangeable  brass  cylinders  inserted  in  the 
lower  end  of  a  rubber  tube  which  leads  from  a  reservoir  of  water.  In 
the  upper  part  they  have  an  inside  diameter  of  6"™,  but  through  the 
lower  end  they  have  a  smaller  bore ;  the  five  here  used  vary  in  a  series 
according  to  the  standard  drill  gauge  numbers:  60,  45,  30,  15  and  i 
with  diameters  of  i.o"",  2.1"'",  Z''^'^>  4.6""  and  5.8""  respectively. 
Thus  five  different  rates  of  flow  may  be  obtained  by  using  successive 
nozzles.  The  purpose  of  the  U-tube  is  to  break  and  quiet  the  stream. 
The  straight  tube  carries  a  graduated  scale  of  heights. 

2.  The  balance.  A  very  delicate  balance  is  constructed  of  a  steel  rod, 
diameter  2"",  and  length  410"*°,  with  the  fulcrum  at  the  middle.  It  is 
supported  on  knife-edge  bearings  and  braced  by  a  diamond  shaped  frame- 
work of  fine  steel  wire.  Light  hooks  are  inserted  at  the  two  extremities 
to  serve  as  means  for  the  attachment  of  parts  to  be  balanced. 

3.  The  float.  This  is  a  metal  tube  suspended  from  one  end  of  the 
balance  beam  inside  of  the  graduated  tube.  It  causes  a  displacement  in 
the  liquid  as  it  is  gradually  immersed.  It  is  smooth  and  uniform,  in  this 
series  8.  i"*"  in  diameter  and  450°*'"  long  and  heavy  enough  to  retain  a 
steady  vertical  position  in  water.  Its  bottom  ends  in  a  tapering  hard 
rubber  point  which  reduces  the  friction  and  upward  pressure  of  the 
stream. 

4.  Stimulus  rod.  The  float  is  counterbalanced  on  the  other  end  of 
the  balance  by  a  similar  metal  tube  which  carries  the  pressure  point  on 
its  lower  end.  A  tube  is  chosen  because  it  gives  rigidity  to  the  pressure 
point ;  it  may  also  serve  as  a  receptacle  for  weights.  The  point  is  a  hard- 
rubber  cylinder,  of  5"""  diameter,  whose  edges  are  not  rounded  off"  but 
dulled  by  a  light  buffing. 

5.  The  graduated  scale.  Readings  of  the  pressure  are  made  on'  a 
millimeter  scale  attached  to  the  graduated  tube.  The  zero  point  of  the 
scale  is  at  the  surface  of  the  water  when  the  balance  is  in  a  horizontal 
position  and  the  lower  end  of  the  float  is  immersed  to  a  point  just  above 
the  tapering  end.  Since  the  diameter  of  the  float  and  the  specific  gravity 
of  the  water  are  known,  the  readings  of  the  height  of  the  column  of  water 
in  millimeters  are  readily  converted  into  grams  of  pressure  as  exerted  by 
the  pressure  point. 

6.  The  guide  lever.  The  float  end  of  the  balance  may  be  fixed  rigidly 
at  the  point  of  equilibrium  by  means  of  a  spring  lever.  The  place  to  be 
stimulated  can  be  brought  within  a  definite  distance  of  the  pressure  point. 
Releasing  the  lever  releases  the  balance  which  transfers  the  standard 
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weight  to  the  point  pressed  at  a  definite  time  and  with  a  regulated 
momentum. 

7.  The  inlet  and  outlet  clamps.  Ordinary  pinch  clamps  are  used  for 
these  purposes. 

In  order  to  test  the  rate  of  flow  through  a  nozzle  it  is  necessary  to 
apply  some  time-measuring  instrument  to  the  apparatus.  An  electric 
key  is  fitted  up  which  makes  the  circuit  the  moment  the  water  begins  to 
flow.  It  consists  of  one  of  the  above  pinch  clamps  furnished  with  an  ad- 
justable make-contact. 

8.  The  fountain.  The  water  reservoir  is  placed  three  meters  above 
the  outlet  in  order  to  secure  an  approximately  constant  flow  even  when 
there  is  some  difference  between  the  levels  at  the  two  extremities.  The 
reservoir  is  a  shallow  vessel  holding  160  liters  of  water  the  surface  of  which 
can  without  inconvenience  be  kept  wi|hin  ±  50"""  of  a  constant  point.  A 
rubber  hose  of  18""  inside  diameter  conducts  the  water  in  a  vertical 
column  to  the  apparatus.  A  piece  of  smaller  and  more  flexible  tube  is 
used  just  above  the  nozzle  where  the  inlet  pinch  clamp  is  applied. 

9.  The  hand  rest.  This  is  a  special  support  to  be  used  when  the  outer 
surface  of  the  index  finger  is  to  be  experimented  upon.  It  is  so  con- 
structed that  the  index  finger  and  the  thumb  may  rest  upon  a  support  and 
the  other  fingers  brace  themselves  firmly  and  comfortably  so  as  to  obtain 
perfect  stillness  of  the  index  finger  without  interfering  with  its  circulation. 
A  wooden  cylinder  stands  on  a  base  board  and  carries  on  its  top  a  hard 
rubber  plate  2""  thick.  The  thumb  and  index  finger  rest  upon  this  plate 
and  the  other  fingers  grasp  the  pillar  below,  while  the  forearm  and  side 
of  the  hand  rest  upon  the  base. 

Experiments. 

The  rate  of  change  was  varied  in  successive  steps  while  the  other  ex- 
perimental factors  were  kept  constant.  Five  rates  were  selected  such 
that  the  slowest  was  as  slow  as  could  generally  be  perceived  upon  the 
present  standard  and  the  fastest  as  fast  as  the  present  apparatus  and 
method  would  admit.  The  other  rates  were  taken  between  these  two  ex- 
tremes so  that  the  increase  in  pressure  per  second  upon  a  standard  of  5* 
by  the  respective  rates  was  as  follows:  0.18*,  i.io",  2.85*,  4.83',  and 
6.63*.  The  standard,  or  initial  pressure,  of  5*  was  applied  to  a  circular 
area  5°^  in  diameter  on  the  outer  side  of  the  middle  of  the  third  phalanx 
of  the  right  hand  index  finger.  The  hand  support  was  so  adjusted  that 
the  finger  in  position  upon  it  came  as  near  the  stimulus  point  as  it  could 
without  touching,  or  about  0.3°^. 

The  observer  and  the  experimenter  sat  on  opposite  sides  of  the  table 
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with  an  opaque  screen  between  them.  The  observer  occupied  a  comfort- 
able position*  with  his  finger  on  the  hand  support  and  kept  his  eyes  closed 
during  the  trials.  By  the  signal  **one**  he  was  warned  to  be  ready ; 
after  '*  two  *'  the  initial  pressure  was  applied  and  about  two  seconds  after 
this  had  been  done  ** three'*  signified  the  beginning  of  the  increase  in 
pressure.  Further  instructions  to  the  observers  were  as  follows:  **The 
pressure  may  increase  and  it  may  not ;  as  soon  as  you  are  sure  that  it  has 
increased,  say  *  up  '  as  promptly  as  possible.  Make  sure  that  you  have 
the  same  degree  of  certainty  in  all  trials.**  This  standard  of  certainty 
was  fixed  by  a  few  preliminary  trials.  If  the  observer  thought  that  he 
had  not  kept  the  standard  of  certainty  or  had  suffered  any  disturbance 
he  was  required  to  call  at  once  for  a  repetition  of  the  trial.  No  ob- 
server was  allowed  to  see  the  experimenter's  side  of  the  apparatus  until  all 
the  experiments  were  completed.  • 

To  estimate  the  distortion  due  to  the  order  of  sequence  of  the  rates, 
they  were  taken  in  rotation  in  opposite  orders  by  successive  obser- 
vers, and  the  experiments  were  begun  at  different  steps  in  the  series  in 
a  systematic  manner.  They  were  also  taken  in  the  double  fatigue  series, 
i.  e.,  half  the  number  of  trials  on  each  point  were  made  ingoing  through 
the  series  the  first  time  and  then  the  rest  were  made  by  repeating  it  in 
the  reverse  order.  A  brief  rest  was  made  at  the  middle  of  the  experi- 
ment ;  the  whole  lasted  about  one  hour.  The  results  for  thirteen  ob- 
servers who  tried  this  experiment  are  contained  in  Table  I  and  are 
represented  graphically  in  Figure  i. 
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Fig.  I. 

The  horizontal  axis  in  this  figure  is  marked  off  into  parts  according  to  the  y  data  in 
Table  I,  i.  e.,  proportional  to  the  part  of  the  initial  stimulus  by  which  the  increase  was 
made  per  second. 

The  lowest  point  marked  on  the  curve  to  the  left  is  o.35«  which  is  the  increment 
when  the  change  is  made  most  slowly.  The  same  over  the  dotted  line  to  the  right 
indicates  how  far  the  curve  must  drop  as  the  rate  increases  to  the  instantaneous.  This 
result  is  transferred  from  the  third  series  of  experiments. 
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The  law  discernable  in  the  table  is  this :  Within  the  limits  of  the 
investigation  the  amount  of  the  least  perceptible  increment  fises  with  the 
increase  in  the  rate,  i.  e.,  the  faster  the  increase  in  pressure  the  larger  is 


Table  I. 
Least  perceptible  increase  in  a  pressure  of  five  grams  at  different 


rates. 


a 

P 

y 

A.  B. 

F.  B. 
S.  P. 
G.,0. 
M.  A. 
A.  N. 
E.  B. 

G.  H. 
S.  K. 
A.  H. 
P.  P. 
M.  J. 
A.  S. 

Average 
Time 


I 

0.18 

5.55 
0.04 


II 

i.xo 
0.91 
0.22 


J 

3.4 

5.2 

31 

6.3 
2.8 

2.9 

1.9 
2.6 

1.8 

X.8 

3.1 

2.7 
4.0 


1-9 
1.6 

2.1 

2.4 

1.4 
0.9 

i.x 

0.9 
0.9 
1.8 
3.4 
3-7 
1.5 


3-2 

177' 


1.8 


J 

4.5 
4.0 

9.0 
10.6 
5.2 
4.6 
6.9 

4.9 

5.5 
6.1 

7.6 

8.2 

7-7 

6.5 
59' 


1.9 
1-9 
4.8 

1-5 
0.7 

1-3 

31 
1.6 

1.4 

1.8 
4.0 

3.0 
3-7 


2.4 


The  unit  of  measurement  is  the  gram. 

The  number  of  measurements  in  each 
case  is  » =  10,  of  which  the  median  *  is 
taken. 

Initials^  the  observers. 

Roman  numerals^  the  different  rates. 

Ay  the  increment  in  grams. 

</,  mean  variation ;  to  find  the  mean 
variation  for  the  series  divide  each  of  these 
by  V  «  =  3.2. 


Ill 

2.85 

0.35 
0-57 


IV 
4.83 

0.2X 
0.97 


6 
a 

X. 


J 

5-9 
8.8 

16.7 

11.4 

7.2 

9.8 

10.3 

5-4 

7.0 

6.4 

II. 8 

10.4 

10.6 

9-4 
3-3' 


d 

2.6 
2.6 

3.6 
4.6 

1-9 
2.3 
6.7 
0.9 
i.o 
2.0 

4-5 
2.1 

2.3 


2.8 


J 

6.9 

8.4 

19.5 

13-4 
10.4 

13-9 
10.2 

9.8 

6.0 

8.9 

8.4 

11.4 

II. I 

10.6 

2.2" 


d 

2.7 
1.6 

5-7 

1-5 

19 

3-9 
2.0 

13 
1.4 
0.9 

4.3 
2.1 

3.1 


2.4 


7.4 

7.4 
11.6 

16.9 

12.5 

15.0 

14.0 

11.4 

6.Z 

9.0 

12.6 

155 
17.8 

12. 1 
1.8- 


V 

63 
15 
33 

d 

I.K 
X.I 

4-9 
2.6 

2.8 
3.7 

4-4 
0.9 

2.8 

3.* 

4« 

— 
2.9 


a,  number  of  grams  of  increase  per  sec- 
ond. 

'^^  time  to  increase  one  gram,  in  seconds. 

7,  part  of  the  initial  stimulus  to  which  the 
increase  amounts  per  second. 

7i'///«-,  the  time  represented  by  the  arcr- 
age  increment  for  all  observers  at  each 
rate. 


the  size  of  the  increment  which  is  just  perceptible.  These  limits  in- 
clude those  which  we  experience  most  in  normal  life.  But,  referring  ta 
the  curve,  near  the  two  ends  there  must  be  deflections  of  the  curve  in 


1  In  the  present  research  I  have  used  the  median  in  all  the  experiments  with  the  reactioo 
method ;  the  average  has  been  used  with  other  methods.  This  is  because,  by  the  nature 
of  the  experiments,  the  variation  is  larger  and  there  are  more  abnormal  records  by  the 
fonner  method.  For  the  account  of  the  median  and  its  relation  to  the  average  see 
Scripture,  On  mean  values  for  direct  measurements.  Stud.  Vale  Psych.  I^b.,  1894 II  1. 
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opposite  directions  if  it  is  to  be  extended,  i.  e.,  if  extended  on  the  left 
the  curve  must  soon  reach  an  almost  vertical  direction  and  the  extension 
of  the  other  end  must  bend  in  some  way  so  as  to  eventually  reach  the 
point  which  represents  the  increment  in  instantaneous  change.  The  law 
of  such  deflections  must  be  determined  by  future  investigation. 

The  experiment  was  repeated  three  times  upon  one  observer,  M.  J. ,  at 
intervals  of  two  weeks,  each  time  under  similar  circumstances.  The 
judgments  in  the  successive  experiments  were  equally  unbiased,  except  in 
so  far  as  they  were  influenced  by  the  pressure  sensations.  The  final  aver- 
ages for  the  three  experiments  are  as  follows  :  Rate  I,  J  2.8*,  ^o.  i' ; 
Rate  II,  J  9.i«,  ^i.6«;  Rate  III,  J  11.3s  ^i.6»;  Rate  IV,  J  i3.i«, 
d  \,2^\  Rate  V,  J  13.7*,  </i.5*.  The  results  indicate  that  the  rate  in- 
fluence is  definite  and  persistent  for  these  trials.  This  remarkable  con- 
sistency, as  well  as  the  agreement  of  the  thirteen  observers  above,  can 
only  be  accounted  for  by  assuming  a  definite  time  influence  which  corre- 
sponds to  this  variation.  The  general  law  here  found  has  an  extensive 
application  to  the  whole  sensory  side  of  our  mental  experience  and  in- 
volves some  disputed  points.  I  will,  therefore,  give  a  brief  critical  esti- 
mate of  the  apparatus,  the  method  and  the  conditions  adopted.  Much 
of  what  is  here  said  applies,  also,  to  the  following  series  of  experiments. 

Critical  estimate. 

I .  The  apparatus.  The  only  noticeable  jarring  of  the  apparatus  came 
from  the  jarring  of  the  building,  and  this  disturbance  was  somewhat  re- 
duced by  placing  the  experimenting  table  on  sand  bags.  Furthermore 
the  above  experiments  were  made  in  the  evening  when  it  was  compar- 
atively quiet  in  the  building.  The  variableness  in  the  level  of  the 
source  and  the  mouth  of  the  stream  caused  some  degree  of  inaccuracy. 
The  two  levels  were  placed  so  far  apart  vertically  that  the  necessary 
variation  in  the  level  of  the  mouth  would  not  materially  affect  the  results 
beyond  the  degree  of  accuracy  here  required.  The  time  for  the  water  to 
rise  through  the  first  loo""  of  the  graduation  tube  was  to  the  time  to  rise 
through  the  second  loo""  above  the  zero  of  the  same  as  38  is  to  39. 
This  error  is  negligible  because  it  affects  all  rates  similarly  and  practically 
equal  for  proportional  increments  by  the  various  rates.  Since  nfost  of 
the  measurements  came  within  the  limit  of  the  first  200""  the  rates 
adopted  were  determined  empirically  for  the  average  of  this  distance. 
This  determination  was  made  to  a  more  than  sufficient  degree  of  accuracy 
by  the  graphic  method  of  recording  time. 

The  adjustment  of  the  zero  point  of  the  column  of  water  could  be 
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made  with  an  accuracy  of  db  yC^  which  equals  about  ^  of  a  gram  by 
displacement.  There  is  again  a  possible  error  of  =b  ^"'*,  by  the  same 
unit,  in  the  adjustment  of  the  hand  rest.  Both  these  errors  afTect  the 
standard  pressure  and  can  only  affect  the  increment  in  an  indirect  way. 

2.  Method.  The  main  reasons  for  using  the  reaction  method  here  are: 
(a)  It  is  time-saving,  which  is  a  vital  point  when  a  long  series  of  rec- 
ords must  be  taken.  (Ji)  It  does  not  carry  with  it  any  suggestions  as  to 
what  may  be  desired  or  expected.  (^)  It  is  easier  to  interpret  the  results 
by  this  method  than  by  any  other.  The  results  attained  by  this  method 
need  to  be  corroborated  by  other  methods  and  that  will  be  done,  but  I 
must  here  point  out  some  of  the  sources  of  error  of  the  method  in  its 
present  application.  The  observer  reacted  with  a  vocal  sound  and  I,  as 
experimenter,  miade  a  sight  reaction  to  that  sound.  This  latter  reaction 
is  negligible  because  my  eye  followed  the  reading  point  as  a  point  of  re- 
gard. The  sensory  time  in  the  observer's  reaction  should  be  counted  to 
the  record,  i.  e.,  the  record  should  include  the  time  from  the  beginning 
of  the  physical  change  to  the  moment  it  was  perceived  as  a  change,  but 
not  the  motor  element  in  the  reaction.  This  I  tried  to  eliminate  directly 
in  each  trial  by  means  of  a  subjective  estimate.  After  some  practice  in 
sight  readings  of  this  kind  I  acquired  some  skill  in  estimating  equivalents 
on  the  scale  to  the  amounts  lost  by  the  observer's  reaction  at  the  various 
rates.  I  could  hear  the  very  beginning  of  the  vocalization  of  the  u  in 
"up.**  But  the  allowance  to  be  made  had  to  vary  with  the  definiteness 
with  which  this  sound  was  uttered.  I  was  aware  of  the  common  illusion 
of  motion  as  well  as  of  the  difficulty  of  perceiving  two  simultaneous  im- 
pressions in  different  senses.  I  found  difficulty  only  in  the  fastest  rate, 
but  even  here  the  possible  error  would  be  small  in  comparison  with  the 
whole  records  and  the  corresponding  mean  variations.  This  method  of 
eliminating  the  reaction -time  is  not  fully  satisfactory,  but  it  is  superior 
to  the  previous  methods  that  have  been  proposed  for  similar  purposes. 

Do  we  want  the  naive  judgment  of  the  unpracticed  but  skilled  ob- 
server? or  the  discriminative  and  critical  judgment  of  the  experienced 
observer  who  is  familiar  with  the  conditions  and  elementary  processes 
upon  which  his  judgment  is  based  and  gives  his  decision  after  having 
taken  all  known  factors  into  consideration  ?  While  the  latter  is  neces- 
sary in  order  to  make  a  detailed  analysis  of  the  facts,  the  former  is  neces- 
sary for  the  establishment  of  the  facts.  Though  it  involves  more  than 
double  the  labor  of  the  other  method,  I  have  made  it  a  characteristic  of 
this  research  that  the  facts  shall  be  obtained  as  they  appear  without 
analysis  in  the  common  experience  of  the  scientific  mind.  No  one  of 
my  observers  knew  what  to  expect  and  they  were  expressly  cautioned  not 
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to  make  any  guesses  with  consequent  conscious  or  unconscious  correc- 
tions. 

The  observer  was  directed  to  react  when  he  could  distinguish  "change" 
from  *'  no  change."  In  this  series  I  did  not  have  any  regular  system  of 
control  experiments,  i.  e.,  trials  in  which  no  stimulus  was  applied.  They 
were  interspersed  irregularly  and  by  them  I  satisfied  myself  in  regard  to 
the  necessary  absence  of  illusion.  The  danger  of  illusion  was  empha- 
sized in  the  preliminary  trials.  If  the  illusion  took  place  then,  the  trial 
immediately  following  would  show  the  trace  of  a  reacting  influence  in 
overcautiousness  and  consequent  missing  of  the  standard.  In  such 
cases  the  preliminary  practice  was  continued  until  the  observer  had 
settled  upon  a  normal  standard. 

3.  Conditions  of  the  experiment.  The  standard  pressure  may  seem 
light,  but  it  is  adapted  to  the  place  experimented  upon.  It  was  advisable 
to  use  a  light  stimulus  which  would  not  produce  a  deadening  effect  upon 
the  nerves  under  long  continued  pressure.  A  light  pressure  on  a  small 
area  produces  a  simpler  and  less  disturbing  sensation  than  a  heavy  pres- 
sure, which  is  liable  to  produce  sensations  of  strain  in  parts  not  directly 
stimulated.     It  is  also  important  to  avoid  pain. 

The  point  upon  the  first  finger  was  chosen  for  stimulation  because  it 
admits  of  being  kept  in  a  horizontal  plane  when  the  rest  of  the  body  is 
in  a  comfortable  position.  The  place  is  of  a  good  sensitiveness  and  free 
from  hairs. 

The  slowest  rate  here  used  was  determined  by  preliminary  experiments 
in  which  smaller  floats  were  used.  It  was  then  found  that  the  change 
would  not  be  perceived  at  all,  in  the  slowest  rates,  even  when  it  amounted 
to  four  or  six  times  the  original  stimulus.  The  pressure  sensation  would 
either  be  entirely  lost  or  else  it  would  continue  indefinitely  to  seem  as 
but  a  fraction  of  the  standard.  6.18'  per  second  was  found  to  be 
about  the  slowest  rate  per  second  by  which  the  pressure  might  rise  and 
still  be  perceptible  every  time  under  normal  conditions.  The  fastest  rate 
was  taken  within  safe  limits,  and  rates  above  that  were  reserved  for  a  sep- 
arate test. 

II.    Variation  in  sensitiveness  to  change  as  depending  on  the 

DELAY   OF   THE   STIMULUS. 

In  previous  experiments  with  sight  and  sound^  I  found  that  when  a 
stimulus  near  the  threshold  is  delayed  beyond  a  certain  time  at  which  it 

^Seashore,  Measurements  of  illuiions  and  hallucinations  in  normal  life,  Stud«  Yale 
Psych.  Lab.,  1895  III  36,  50. 
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may  be  expected,  its  threshold  is  lowered,  and,  within  certain  limits, 
this  is  proportional  to  the  delay.  If  this  law  applies  to  pressure,  a  part 
of  the  facts  established  in  the  first  series  of  experiments  will  be  explained 
by  it.  The  application  of  the  law  of  delay  to  this  particular  case  was 
tested  in  the  following  manner : 

Apparatus  A  was  used  just  as  in  the  foregoing  series  but  with  only  one 
rate,  namely  i.io*  increase  per  second,  which  is  0.22  per  second  of  the 
standard.  Counting  from  the  end  of  2'  allowed  for  the  perception  of 
the  original  pressure,  the  increase  was  not  begun  until  after  a  delay  for 
the  respective  sets  of  trials  as  follows :  I,  o';  II,  5";  III,  10";  IV,  15'; 
V,  20';  and  VI,  25'.  In  other  respects  the  general  methods  and  con- 
ditions were  the  same  as  in  the  first  series.  There  was  no  suggestion  by 
which  the  observer  was  led  to  expect  the  change  to  be  felt  at  any  definite 
time.  He  was  not  aware  of  the  delay ;  he  only  knew  that  he  would  feel 
a  gradual  change  and  that  he  should  begin  to  look  for  it  at  the  given 
signal.  Nothing  was  stated  as  to  when  it  would  begin  physically.  He 
learned,  however,  from  the  preliminary  trials  that  it  would  take  different 
time-intervals  for  the  change  to  become  perceptible.  Hence  this  is 
different  from  the  cases  of  suggestion  in  which  the  observer  is  led  to 
expect  the  stimulus  at  a  definite  moment.  Here  the  conditions  of 
expectation  and  general  preparation  were  similar  to  those  in  the  foregoing 
series.  It  is  a  case  of  suggestion  that  works  through  the  variation  of 
time-influence  in  ordinar}'  perception. 

Table  II. 


Variation  in  sensitiveness  as  resulting  from  delay  of  the  stimulus. 


5' 


10* 


15' 


20" 


25» 


A 

d 

J 

d 

J 

d 

J 

d 

J 

d 

A 

d 

A.H. 

7.6 

3.1 

6.7 

2.2 

4.0 

2.0 

3.8 

2.2 

3.6 

2.0 

4.1 

1.4 

P.  D. 

8.3 

3.4 

6.0 

1.6 

4.7 

0.9 

4.0 

1.6 

2.6 

1.2 

3-4 

1.4 

P.P. 

13-2 

4.5 

5.1 

1.2 

51 

2.5 

5.8 

1.9 

3.2 

1.2 

3.5 

0-9 

A.B. 

5.4 

1.4 

3.5 

1-3 

2.9 

0.6 

2.1 

07 

2.2 

0.6 

1.9 

0.4 

D.  S. 

6.6 

3.8 

4.1 

2.8 

51 

'•5 

51 

2.1 

3.1 

2.2 

4.1 

».3 

J.  M. 

5.8 

2.1 

4.3 

I.X 

2.9 

1.2 

2.7 

0.4 

2.7 

0.9 

2.9 

0.5 

A.S. 

20.0 

30 

17.1 

2.9 

12.9 

30 

11.9 

4.1 

134 

4.3 

n-i 

3.7 

* 

Ave, 

9.6 

3.0 

6.7 

1.9 

5.4 

1-7 

5.1 

1.9 

4.6 

1.8 

4.7 

«.4 

The  unit  of  measurement  is  the  gram. 

The  nmnber  of  measurements  in  each 
case  is  i»=io,  of  which  the  median  is  taken. 

The  delay  of  the  stimulus  is  indicated  in 
seconds  at  the  head  of  each  colunm. 


A^  the  threshold  increment 

d,  mean  variation ;  the  mean  variaticm 
for  the  series  is  found  by  dividing  by 
|/n=3.2. 
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The  trials  were  made  in  the  double  fatigue  order.  Surprise  and  the 
disturbance  of  abrupt  transitions  were  avoided.  The  control  trials  were 
used  freely  in  the  preliminary  trials  but  not  during  the  experiment. 
Table  II  contains  a  summary  of  ten  trials  on  each  point  by  each  of  seven 
observers.  The  figures  give  the  medians,  and  the  average  of  these  is 
taken  for  the  linal  summary.  There  is  a  remarkable  uniformity  in  the 
results.  l"he  abnormal  record  of  the  last  observer  is  accounted  for  by  the 
fact  that  his  hand  was  callous. 

The  table  shows  that  the  threshold  decreases,  i.  e.,  the  sensitiveness 
increases,  as  the  delay  is  extended.  This  law  is  roost  noticeable  in  the 
first  five  or  ten  seconds  and  seems  to  extend  only  to  about  twenty 
seconds. 

The  results  may  best  be  interpreted  by  means  of  the  comparison  in 
Figure  2.     The  short  curve  represents  the  results  of  the  first  series  of  ex- 


periments, showing  the  relation  of  the  threshold  to  the  time  which  it 
took  to  produce  it.  The  number  of  seconds  is  laid  off  as  the  abscissa 
and  the  number  of  grams  as  the  ordinate.  The  longer  curve  shows  the 
same  for  the  present  series.  Within  the  limits  of  time  occupied  in  the 
first  series  (17.7  sec.)  the  threshold  of  difference  is  lowered  as  the  rime 
increases.  Beyond  that  limit  the  delay  does  not  seem  to  have  any 
power  to  lessen  the  increment.  The  rate,  which  is  actually  the  same  in 
both  cases,  requires  the  largest  increment  in  the  series  in  which  it  oc- 
cupies an  extreme  point. 

A  great  part  of  this  variation  may  be  explained  by  the  fact  that  the 
longer  the  time  the  greater  the  expectancy  will  be  and  the  summation  of 
suggestive  elements  will  be  on  a  constant  increase.     "Hie  smaller  signs 
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of  change  come  directly  into  the  focus  of  attention,  a  greater  number  of 
them  will  be  noticed  and  those  noticed  will  be  magnified.  This  implies 
that  the  variation  of  the  threshold  with  the  rate  is  not  entirely  because 
of  the  difference  in  impression  that  quick  or  slow  rates  of  change  make, 
but  largely  because  of  the  different  attitude  of  mental  preparedness  which 
is  caused  by  different  time  relations.  Though  the  observers  tried  to  be 
equally  attentive  all  the  time  there  was  a  semi-conscious  reinforcement  of 
attention  as  time  went  on.  When  the  signs  of  change  came  soon  they 
had  to  compete  with  more  rival  sensational  elements  than  if  they  came 
later.  According  to  the  conditions  of  the  experiment  there  could 
scarcely  be  any  surprise,  but  we  may  characterize  the  different  states  of 
mind  by  saying  that  in  the  ^t  rates  the  observer  was  open,  to  conviction, 
while  in  the  slower  changes  he  more  anxiously  sought  some  imaged  £Eu:ts 
of  assurance. 

The  fast  rates  are  probably  affected  by  contiguity  with  the  slow,  and 
likewise  the  reverse.  The  faster  rates  were,  perhaps,  at  a  disadvantage. 
It  is  probable  that  if  the  highest  point  in  each  curve  had  been  estab- 
lished separately,  without  reference  to  any  other  rate,  it  would  have 
been  lower  in  both  cases.  Yet  those  would  bp  entirely  different  condi- 
tions. If  one  rate,  or  time  of  change,  is  taken  separately,  the  time  for  the 
change  to  be  felt  will  be  known  ;  it  will  be  envisaged  more  definitely ; 
the  attention  will  be  sharply  focused  at  the  expected  moment  of  change 
and  no  attention-energy  will  be  scattered  as  above.  Both  conditions  are 
facts  of  ordinary  experience  and  it  would  be  interesting  to  compare 
them.  One  form  of  the  latter  condition  will  be  taken  up  in  the  next 
series  of  experiments. 

Fatigue  makes  a  light  weight  or  pressure  feel  lighter.  This  is  true 
for  5*.  How  does  that  affect  those  curves  or  their  continuation? 
Does  it  have  the  effect,  of  lessening  the  standard  and  thus  making  the  in- 
crements proportionally  greater  during  the  time  extension  ?  Or,  does  it 
work  in  the  opposite  way  so  that  the  amount  of  the  standard,  plus  the 
increment,  is  constantly  lessened,  necessitating  a  longer  time  to  make 
the  pressure  feel  heavier  than  at  first  ?  Both  are  true,  i.  e.,  there  is  a 
certain  limit  at  which  the  amount  lost  by  fatigue  is  just  equal  to  the  in- 
crease at  a  certain  rate.  This  point  lies  beyond  the  lower  end  of  the 
short  ciurve.  Then  the  weight  would  feel  the  same  ad  infinitum  if  there 
were  no  fluctuations  in  this  limit.  If  the  change  is  slower,  however, 
several  possibilities  of  sensation-changes  are  open,  but  it  is  not  probable 
that  any  increase  in  pressure  will  be  felt  before  pain  sets  in  and  the  ex- 
periment for  pressure  must  be  discontinued.  But  if  the  rate  of  increase 
is  fester  than  the  rate  of  falling  off  by  fatigue,  the  standard  will  actually 
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seem  smaller  as  time  is  extended,  as  in  the  present  series,  and  the  incre- 
ment, which  is  largely  detected  by  feelings  of  change,  will  be  felt  larger 
in  proportion. 

III.  Threshold  for  instantaneous  increase  in  pressure. 

Apparatus  B, 

The  compound  pressure  balance  here  described  was  constructed  pri- 
niarily  to  serve  as  a  means  by  which  a  standard  pressure  over  a  definite 
area  might  be  applied  and  then  increased  at  any  moment  without  jarring 
the  stimulus  point  or  causing  any  disturbance  except  absolute  increase  in 
pressure.  It  consists  of  two  coordinated  balances,  one  of  which  is  ap- 
paratus A  with  the  only  exception  that  a  tapering  rubber  point  (  7^  is 
substituted  for  the  original  pressure  point.  The  other  balance  consists 
of  a  light  steel  beam  300""  long  on  one  side  of  a  knife-edge  bearing  with 
the  balancing  mass  on  the  other  side.  The  pressure  point  is  a  cylinder  in- 
serted at  the  end  of  the  beam  which  is  supported  from  a  frame  by  a  pair 
of  electro -magnets.  This  part  of  the  frame  is  capable  of  minute  ad- 
justment in  height.  The  frame  carries  a  millimeter  scale  parallel  to  the 
beam.  A  sliding  weight  on  the  beam  carries  a  pointer  which  indicates 
the  position  of  the  weight  on  the  scale ;  the  change  of  weight  at  the 
pressure  point  (/*)  is  proportional  to  the  distance  over  which  the  weight 
is  from  the  fulcrum.  A  light  arm  projects  from  the  rear  end  of  the 
cylindrical  counterbalance  for  the  purpose  of  affording  leverage  for  the 
action   of  pressure  from  the   other  balance. 

When  the  two  balances  are  brought  together,  the  point  T  in  balance  A 
is  brought  to  bear  on  the  leverage  arm  in  the  other  balance,  and  can  be 
removed  by  the  guide  lever  (apparatus  A  (i)  without  friction  or  jarring. 
By  this  combination  of  the  two  balances  we  secure  a  pressure  point 
which  keeps  a  rigid  position,  a  means  of  retaining  the  standard  pressure 
constant,  and  an  instantaneous  change  or  a  gradual  change  in  pressure  at 
any  desired  rate. 

To  illustrate  the  case  of  instantaneous  change,  suppose  that  the  balance 
is  set  with  an  initial  pressure  of  5'  at  P.  This  is  supported  by  the  elec- 
tro-magnets at  a  definite  distance  ( J^**")  from  the  surface  to  be  pressed 
upon.  Then  if  we  want  to  prepare  to  increase  that  by,  e.  g.,  i'  afler  it 
has  been  applied,  the  weight  on  the  beam  is  moved  from  the  fulcrum  un- 
til the  scale  indicates  that  the  movement  is  equal  to  i*  at  P.  Then  bal- 
ance A  is  adjusted  to  press  with  a  force  of  i'  by  T.  This  i'  counterbal- 
ances the  i'  just  added  to  P  and  we  have  again  the  standard  weight  at 
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P.  Opening  the  magnet  circuit  always  places  the  standard  pressure  with 
the  same  momentum.  To  obtain  the  i'  increase  upon  the  standard  the 
point  T  is  lifted  vertically  by  a  rapid  movement  of  the  guide  lever 
(^6).  The  I*  is  of  course  transferred  directly  to  the  point  /*  without  any 
movement  of  the  beam  except  through  the  extra  indentation  which  the  i' 
causes  on  the  skin. 

I  have  only  had  time  to  make  one  of  the  tests  for  which  this  apparatus 
is  intended.  This  test  consisted  in  finding  the  least  perceptible  increase 
when  the  change  was  made  instantaneously.  The  standard  pressure  snd 
the  area  were  the  same  as  before ;  the  general  method  was  also  the 
same.  At  a  signal  the  observer  got  ready  and  about  two  seconds  later 
the  point  /'was  applied  by  releasing  the  magnets.  The  increase  was 
made  about  two  seconds  after  this.  The  threshold  was  approached  in 
both  directions  by  steps  with  a  constant  difference  of  o.a*.  The  ob- 
server simply  stated  whether  he  perceived  the  change  or  not.  Control 
trials  were  interspersed  irregularly.  The  average  of  the  complete  meas- 
urements on  each  of  seven  observers  is  given  in  Table  III.  The  figures 
denote  the  smallest  increment  above  which  all  were  perceived. 


Table  III. 


Threshold  of  instantaneous  increase  in  a  pressure  of  S*. 


A.  N. 
M.  A. 
J.  M. 
G.  O. 
A.  S. 
P.  D. 
P.  P. 


A 
0.26 

0.34 

0.34 
0.17 

0.64 

0.34 
0.36 


0.35 


d 

0.08 
0.07 
0.08 
0.06 
0.15 
0.07 
0.07 

0.09 


The  unit  of  measurement  is  the  gram. 
The  number  of  measurements  in  each 
case  is  »:=io,  of  which  the  median  is  taken. 
J^  threshold  increment. 


dy  mean  variation ;  the  mean  Tariatioa 
for  the  senes  can  be  found  by  dividing  this 
by  |/n  =  3.2. 


The  main  value  of  these  results  lies  in  that  they  establish  one  end  of 
the  curve  in  Figure  i  as  it  would  terminate  if  continued.  The  curve  has 
to  fall  from  its  highest  point  12.  i'  to  this  point  0.35^  This  suggests  an 
important  problem,  namely,  in  terms  of  the  figure,  what  is  the  shape 
of  the  ciure  which  must  connect  these  two  points  ?  This  will  be 
answered  for  somewhat  different  conditions  in  a  following  series  of  ex* 
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periments.  The  present  threshold  meanwhile  gives  a  standard  in  com- 
parison with  which  we  must  interpret  all  the  previous  measurements  on 
gradual  change.  Thus,  the  slowest  gradual  increase  requires  a  threshold 
nine  times  as  high,  and  the  fastest  a  threshold  thirty-five  times  as  high  as 
the  threshold  for  instantaneous  difference.  In  making  this  comparison 
**  instantaneous'*  must  be  taken  in  a  relative  sense  (as  it  always  must) 
according  to  the  above  details,  and  it  must  be  remembered  that  these  two 
thresholds  were  found  by  different  methods. 

Psychologically  the  two  judgments  of  gradual  and  instantaneous  dif- 
ferentiation are  not  only  made  under  totally  different  conditions  of  atten- 
tion and  expectation,  but  there  is  also  an  entirely  different  grouping  of 
the  sensations  which  form  the  basis  for  the  discrimination. 

IV.  Effect  of  the  rate  of   change  upon  the  perception  of  in- 
crease IN  weight. 

Apparatus  C ;  Experiments • 

An  apparatus  is  needed  by  means  of  which  gradual  changes  in  the 
weight  of  a  lifted  object  can  be  made  and  measured.  Apparatus  C, 
which  was  constructed  for  this  purpose,  consists  of  the  following  parts, 
used  in  conjunction  with  apparatus  A  : 

1 .  The  weight  cell.  This  is  a  polished  hard -rubber  cylinder  with  a 
diameter  of  21°*™  and  a  height  of  75°*".  Its  own  weight,  25%  may  be 
increased  to  different  amounts  by  placing  weights  inside.  A  silk  cord 
hangs  from  the  bottom,  by  which  weights  may  be  attached. 

2.  The  arm  support.  A  board  base  is  fixed  in  such  a  position  that 
the  arm  from  the  elbow  may  rest  upon  it  in  a  horizontal  position.  The 
weight  cell  stands  on  this  in  a  position  to  be  grasped  comfortably.  The 
cord  from  the  cell  runs  vertically  through  a  hole  in  the  board  to  the 
stimulus  end  of  balance  A. 

Apparatus  C  works  on  the  same  principle  as  apparatus  A^  the  only 
difference  being  that  the  weight  is  exerted  on  a  lifted  cell  instead  of  a 
pressing  point.  To  illustrate  by  an  example,  let  it  be  desired  to  obtain  a 
measured  gradual  increase  on  a  standard  of  40'  weight  in  a  cell.  The 
cell  itself  weighs  25*  and  we  add  15' by  weight  placed  inside  of  the 
stimulus  rod,  to  whose  top  the  cell  is  attached.  Since  this  rod  is 
counterbalanced  by  the  float,  the  15'  are  added  to  the  weight  of  the  cell 
when  the  observer  lifts  the  cell,  say  2""  from  the  base.  At  that  point  the 
standard  will  be  reached.  The  water  in  the  graduated  tube  is  then  al- 
lowed to  rise  at  some  definite  rate  and  as  the  float  is  immersed  weight  is 
transferred  to  the  cell. 
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.  The  same  general  method  that  was  used  in  the  study  of  preasuie  was 
here  applied  in  the  study  of  the  so-called  muscle  sense,  the  word  being 
used  in  its  widest  significance  as  including  all  the  sensations  by  means  <^ 
which  we  estimate  lifted  weight.  The  aim  was  to  detennine  whether 
there  is  any  law  for  muscle  sense  that  corresponds  to  the  law  of  rate 
influence  that  we  have  found  for  pressure,  and,  if  so,  to  observe  some 
of  the  relations  between  the  two. 


Table  IV. 

Least  perceptible  increase  in  a  lifted  weight  of  forty  grams  at  different  mtes^ 

I  II  III 

a  0.18  1. 10  6.63 

?  5.55  0.91  0.15 

7  0.005  0.028  0.166 


A 

d 

J 

d 

J 

d 

e 

J.  L. 

3.3 

I.I 

11.5 

4.0 

20.3 

2.1 

0 

V.  S. 

1.7 

0.4 

6.1 

1.8 

9-7 

5.0 

0 

M.  M. 

5.3 

1.4 

II. 0 

2.4 

18.0 

4.4 

0 

J.  P. 

12.0 

5-4 

14.9 

4.0 

21.9 

4.9 

0 

W.  J. 

2.4 

I.O 

6.6 

15 

14.8 

4.9 

43 

A.  S. 

4.0 

1-3 

12. 1 

3.6 

17.5 

2.4 

43 

F.  K. 

3-9 

0.5 

12.4 

2.6 

17. 1 

5.3 

0 

E.  J. 

6.0 

2.3 

13.8 

4.9 

13.5 

4.9 

0 

C.  C. 

4.0 

2.4 

7.3 

3.4 

13.7 

4.2 

0 

Average, 

4.7 

X.8 

10.6 

3.1 

16.3 

4.2 

Time, 

26.  !• 

9.6» 

2.5- 

The  unit  of  measurement  is  the  gram. 

The  number  of  measurements  in  each 
case  is  i»=io,  of  which  the  median  is  taken. 

I,  II,  III,  rates  of  increase. 

a,  number  of  grams  of  increase  per  sec- 
ond. 

)9.,  time  to  increase  V^, 


7,  increase  per  second  as  a  fraction  of 

the  initial  stimulus. 

J  J  threshold  increment. 

d^  mean  variation;  to  find  the  mean  ▼aria- 
tion  for  the  series  divide  by  |/7i  =  3.2. 

e,  percentage  of  the  control  trials  in 
which  illusions  occurred. 


The  standard  was  taken  as  40',  because  that  weight  in  the  given  cell 
is  favorable  for  a  distinct  feeling  of  weight  and  does  not  cause  noticeable 
&tigue  very  soon.  Only  three  rates  were  employed  and  these  were  the 
same  as  I,  II  and  V  in  the  first  series ;  they  gave  an  increase  of  0.18*, 
1. 10'  Jlpd  6.63*  per  second,  respectively. 

The  observer  shut  his  eyes  and  grasped  the  cell  at  the  middle  between 
the  thiunb  and  the  first  two  fingers  in  such  a  way  that  when  he  had  raised 
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the  cell  2""  from  the  base  the  side  of  the  hand  and  the  little  finger  rested 
on  the  base  by  their  full  length  and  the  cell  was  held  upright.  The  posi- 
tion was  comfortable  and  could  easily  be  retained  for  the  required  time. 
The  observer  grasped  the  cell  as  lightly  as  possible.  As  soon  as  the  cor- 
rect position  had  been  secured  the  signal  was  given  which  meant  that 
except  in  the  control  trials  the  physical  change  would  begin  in  two 
seconds.  The  reaction  was  made- by  saying  **up*'  and  the  results  were 
read  as  before.  Nine  persons  made  the  complete  experiment,  which 
consisted  of  ten  trials  on  each  rate,  exclusive  of  the  control  trials.  The 
summary  is  contained  in  Table  IV. 

From  one  to  five  control  trials  were  interspersed  with  each  ten  regular 
trials.  The  column  giving  the  percentage  of  these  trials  which  resulted  in 
illusions  gives  an  index  to  the  reliability  of  the  discrimination.  All  but 
two  are  perfectly  reliable  in  that  they  have  chosen  the  standard  threshold 
so  high  that  there  is  no  danger  of  confusion.  The  high  percentage  of 
errors  for  the  two  must,  however,  not  be  interpreted  to  mean  that  such  a 
percentage  of  the  total  number  of  trials  may  be  considered  as  illusions,  for  in 
each  case  there  were  thirty  trials  in  which  the  regular  change  was  made 
and  only  seven  in  which  the  stimulus  was  withheld.  All  three  illusions 
out  of  the  five  possible  were  in  rate  I  for  W.J. ,  and  for  A.S.  two  out  of 
four  possible  were  in  rate  I  and  one  out  of  two  possible  in  rate  II.  The 
value  of  these  percentages  depends  upon  the  relation  between  the  number 
of  control  trials  to  the  number  of  regular  trials  as  well  as  upon  the  degree 
to  which  a  trial  with  no  sensation  of  change  was  expected.  The  effect  of 
the  rate  influence  is  as  marked  for  these  observers  as  for  the  others  and 
their  mean  variation  is  not  excessive.  This  argues  that,  sinte  they  had 
nothing  but  the  direct  sensation  to  judge  by,  the  real  signs  of  change  must 
have  been  present  in  a  much  larger  proportion  of  trials  than  the  above 
percentages  would  indicate.  The  error  cannot  be  explained  as  due  to 
the  ordinary  premature  automatic  reaction,  for  then  the  mean  variation 
should  have  been  much  larger.   . 

The  figures  in  the  table  express  the  law  that,  for  the  three  rates  investi- 
gated, the  threshold  of  perceptible  increase  in  lifted  weights  is  higher  in 
fast  rates  than  in  slow  rates.  This  accords  with  the  law  we  found  for 
pressure.     The  relation  of  the  two  will  be  discussed  later. 

V,  Threshold  for  instantaneous  increase  in  weight. 

Apparatus  D ;  Experiments. 

This  problem  requires  an  apparatus  by  which  the  standard  weight  of 
a  body  may  be  increased  instantaneously  without  causing  any  other  dis- 
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turbance.     This  was  accomplished  by  a  compound  weight  balance.     The 
cell  (Cj)  and  the  arm  rest  (C,)  are  used  as  in  the  foregoing  series.     A 
weight-pan  is  suspended  by  a  silk  cord,  branching  out  from  the  center  of 
the  bottom  of  the  cell,  400""  below  it.     Midway  between  the  cell  and 
the  weight-pan  there  is  a  light  fibre. balance  beam  140*"  long  i^th  its 
fulcrum  at  the  middle.     It  is  adjusted  with  one  extremity  perpendicular 
over  the  pan  and  attached  to   it  by  a  cord  which  passes  between  the 
branching  cords  and  is  so  fastened  to  the  pan  that  changing  the  support 
of  the  pan  from  this  cord  to  the  branching  cords,  or  the  reverse,  will  not 
cause  the  pan  to  shake.     At  the  other  end  a  hook  is  suspended  by  a 
cord  200""  long.     Upon  this  a  series  of  gram  weights  was  fitted  to  be 
hooked  firmly.     The  hook  is  light  (^')  and  makes  the  weights  conven- 
iently interchangeable.     At  first  the  instantaneous  increase  was  made  by 
means  of  a  weight  acting  over  a  pulley  by  a  cord  from  the  hook  end  of 
the  balance  beam.     This  weight  was  allowed  to  drop  100""  with  the 
cord  slackened  90"" ;  thus  the  hook  end  of  the  balance  would  be  ele- 
vated 10""  at  a  definable  rate.     But  the  present  method  required  that  the 
change  should  be  made  noiselessly ;  therefore  at  the  risk  of  some  irregu- 
larity, I  simply  raised  the  weight  by  pulling  a  cord  perpendicularly  from 
the  hook  as  quickly  as  possible. 

The  plan  of  the  apparatus  may  be  explained  better  by  an  example. 
Suppose  we  want  to  get  an  increase  of  i*  on  40*  lifted  by  the  cell.  The 
cell  weighs  25'  and  enough  weight  is  added  to  the  pan  to  make  it  weigh 
15'.  Since  the  15'  are  supported  by  the  cell  its  total  weight  is  40*.  We 
then  place  the  i'  increment  in  the  pan  and  counterbalance  it  by  i*  on 
the  hook  (including  the  weight  of  the  hook);  the  two  weights  on  the  bal- 
ance, therefore,  do  not  act  upon  the  weight  of  the  cell.  The  observer 
grasps  the  cell  and  lifts  it  2""" ;  this  makes  the  balance  beam  stand  in  a 
horizontal  position.  The  grasp  is  made  in  such  a  manner  that  the  whole 
side  of  the  hand  rests  upon  the  support  in  a  position  that  can  easily  be 
retained  during  a  prolonged  experiment.  He  is  then  lifting  the  standard 
weight,  but  when  the  hook-weight  is  raised  suddenly  its  counterbalance 
is  transferred  to  the  support  of  the  pan  without  any  movement  of  the 
balance  beam.  I  was  able  to  elevate  the  hook- weight  as  quickly  as  it 
would  start  to  fall  by  its  own  gravity,  or  faster ;  therefore,  the  increment 
was  transferred  to  the  new  support  at  the  rate  that  it  would  assume  by  its 
own  weight  when  beginning  to  fall,  i.e.,  the  increase  was  made  by  simply 
releasing  the  support  of  the  required  amount  without  imparting  motion 
to  the  standard  weight.  By  this  method  any  instantaneous  increase  may 
be  made  without  impact.  It  is  evident  that  by  reversing  the  action  of 
•  he  balance  a  decrease  in  weight  may  be  made  equally  well. 
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This  series  of  experiments  was  made  on  the  same  observers  as  the 
fourth  series,  and  under  similar  circumstances,  in  order  that  the  two  sets 
of  results  might  be  comparable.  They  were  made  during  the  same 
period,  this  experiment  being  made  alternately  before  and  after  the  other. 
The  point  to  be  determined  here  was  the  threshold  for  the  perception  of 
a  so-called  instantaneous  increase  in  the  weight  of  a  body  lifted  by  the 
rested  hand.  A  form  of  the  method  of  minimum  variation  was  employed. 
The  steps  varied  by  one  gram  each  and  were  taken  alternately  ascending 
and  descending  the  series.  In  ascending,  the  steps  of  change  were  con- 
tinued until  the  observer  had  perceived  the  increment  correctly  three 
times  in  succession ;  and,  in  descending,  the  series  of  steps  was  begun  with 
the  highest  one  of  the  ascending  series  or  by  one  above  it  if  this  series 
was  low.  At  a  signal  the  observer  lifted  the  cell  to  the  2""*  limit  and  as 
soon  as  steadiness  was  attained  in  this  position  another  signal  warned  him 
to  watch  for  an  increase,  to  which  he  should  react  by  saying  **up  *'  at 
the  moment  he  perceived  it.  The  change  was  made  from  two  to  six 
seconds  after  this  signal.  The  observer's  ability  to  react  just  at  the  right 
time  was  considered  a  criterion  for  his  certainty  and  accuracy.  The 
time  of  making  the  change  was  varied  irregularly  within  this  region  of  four 
seconds.  If  he  reacted  perceptibly  before  or  after  the  change,  due  al- 
lowance for  the  reaction-time  being  made,  the  fact  was  recorded  as  an 
error  or  illusion.  Of  course,  failure  to  react  indicated  that  the  stimulus 
was  below  the  threshold.  This  time-criterion  was  chosen  in  preference 
to  the  method  of  control  trials  in  order  to  make  the  experiment  short. 
Instead  of  concentrating  the  attention  on  the  moment  two  seconds  after 
the  signal,  it  here  had  to  be  scattered  over  a  time  of  four  seconds.  This, 
presumably,  tended  to  raise  the  threshold.  Upon  a  definite  inquiry  each 
observer  testified  that  he  had  not  perceived  any  suggestion  as  to  the 
moment  of  change  except  by  direct  feeling  of  change  in  weight. 

The  results  are  contained  in  Table  V ;  the  initials  of  the  observers  will 
aid  in  the  comparison  of  the  individual  records  here  with  those  in  Table 
IV. 

The  A  value  marks  an  arbitrary  limit.  With  careful  observers  it  may 
be  considered  a  pretty  safe  limit,  denoting  the  point  above  which  we  may 
expect  to  find  all  incretnents  perceptible  under  similar  conditions.  The 
J  value  must  be  interpreted  with  reference  to  the  mean  variations  and 
the  figures  in  the  first  sections  of  the  table.  According  to  the  table  4. 7* 
would  be  perceptible  about  seven  times  out  of  ten,  or  70  per  cent,  of  the 
trials.  This  percentage  is  brought  down  so  low  because  it  is  an  average 
for  different  observers  and  not  for  successive  trials  on  the  same  observer,. 
The  last  column  gives  the  number  of  times  each  observer  reacted  wrongly. 
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In  comparing  this  and  the  preceding  table  we  notice  the  striking  co- 
incidence that  the  threshold  for  instantaneous  change  is  the  same  as  the 
threshold  for  the  slowest  gradual  change.  Between  those  two  points  the 
ctirve  changes  to  nearly  four  times  that  height  (see  Figure  3).  Here  the 
relation  between  the  instantaneous  and  the  very  slow  increments  is  very 
different  from  the  corresponding  relations  for  pressure,  where  the  instan- 
taneous increment  is  only  about  one-ninth  of  the  slowest. 

Table  V. 
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The  unit  of  measurement  is  the  gram. 

The  number  of  complete  determinations 
of  the  threshold  for  each  observer  is  »  =  10. 

The  increments  are  denoted  by  the  num- 
bers at  the  heads  of  the  columns. 

The  numbers  below  these  show  how 
many  times,  out  of  ten  possible,  each  was 
perceived. 


J,  the  average  increment  above  which 
the  next  two  are  correctly  perceived,  hence 
the  threshold. 

d^  mean  variation;  the  mean  Taiiatioa 
for  the  series  is  found  by  dividing  each  of 
these  by  y/~i  =  3.2. 

e,  total  number  of  errors. 


Experiments  were  made  upon  six  observers  to  study  the  effect  of  delay 
of  the  stimulus.  Instead  of  devoting  a  special  section  to  them  I  will 
make  a  brief  statement  here. 

Using  the  identical  apparatus  described  above,  I  found  how  the 
threshold  varied  if  the  stimulus  was  withheld  after  the  signal  for  the 
nmnber  of  seconds  that  the  averages  in  series  IV  indicate,  namely,  2.5% 
9. 6'  and  26.1",  i.  e.,  the  time  it  required  to  perceive  the  change  at 
the  three  rates  of  gradual  increase.  Ten  trials  were  made  on  each  of 
the  four  increments  :  3*,  4*,  5*  and  6*.  The  results  may  be  stated  in  a 
general  way  in  terms  of  the  percentage  of  those  increments  which  were 
perceived.  These  are:  for  2.5',  63%  ;  for  9.6',  69%  ;  and  for  26.1% 
67%.  The  difference  is  not  large  enough  to  indicate  any  tendency  to- 
ward a  systematic  variation. 

The  elements  of  fotigue  and  distribution  of  attention  spoken  of  in  the 
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second  series  seem  to  counterbalance  each  other  here.  Thus  after  the 
26. 1 '  delay  the  standard  seems  lighter  on  account  of  the  fatigue  ;  but  an 
instantaneous  increase  at  that  point  will  not  be  affected  by  fatigue,  and 
will,  therefore,  appear  larger  in  proportion  to  the  standard  at  that  point 
than  at  any  previous  point.  On  the  other  hand,  at  the  end  of  2.5'  there 
is  no  noticeable  effect  of  fatigue,  but  the  attention  is  not  yet  so  strongly 
focused. 

The  present  experiments  should  be  compared  with  those  in  series  II. 
Here  the  change  was  instantaneous,  there  gradual.  The  difference  in  the 
results  points  to  the  fact  that  the  methods  of  perceiving  change  are  en- 
tirely different  in  the  two  cases. 

VI.  Verification  of  series  I  and  IV. 

To  increase  the  data  found  in  series  IV  and  to  verify  the  law  expressed 
in'the  results  of  series  I  and  IV  by  means  of  a  different  method,  the  latter 
series  of  experiments  was  repeated  by  a  form  of  the  method  of  mini- 
mum variation.  The  only  alteration  necessary  in  apparatus  C  was  to 
insert  a  scale  reading  in  grams  instead  of  the  millimeter  scale  on  the 
graduated  tube.  The  steps  of  increase  in  the  experiment  differed  by 
two  grams  each,  running  from  2*  to  20'. 

I  tried  different  steps  at  random  and  considered  a  determination  com- 
plete when  I  had  found  at  least  three  consecutive  steps  in  which  the  in- 
crement had  been  correctly  perceived  and  all  the  steps  below  this  had 
been  tried.  I  was  fully  aware  of  the  influence  this  procedure  has  upon 
the  mean  variation,  but  it  secured  a  good  distribution  of  attention  and 
served  as  a  sort  of  control  method  in  that  the  observer  had  no  means  of 
knowing  whether  the  increment  should  be  a  large  or  a  small  one  as  he 
would  if  the  threshold  had  been  approached  by  steps  taken  in  regular 
order.  If  in  the  large  steps  the  observer  was  sure  that  he  felt  an  increase 
before  the  full  amount  had  been  reached,  he  was  allowed  to  signify  this 
in  order  to  save  time,  but  such  a  reaction  was  recorded  as  if  only  the 
whole  increment  had  been  perceived.  No  steps  higher  than  20*  were 
'tried.  Five  complete  determinations  were  made  for  each  rate  by  each 
observer. 

At  the  signal  the  observer  lifted  the  40'  cell  to  the  standard  position, 
and  at  another  signal  he  began  to  watch  for  an  increase  in  weight  which 
began  two  seconds  later  except  in  the  control  trials.  A  final  signal  was 
given  at  the  end  of  the  increment  and  upon  this  the  observer  had  to  reply 
immediately  by  one  of  three  answers,  namely:  **  change,"  **  no  change," 
or  "uncertain." 
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The  method  of  manipulating  the  apparatus  may  be  undentood  from  the 
explanation  in  series  IV;  the  main  difference  was  that  here  definite 
amoimts  of  increase  were  produced  and  the  observer  stated  whether  he 
perceived  them  or  not,  while  there  the  change  continued  imtil  he  reacted. 

The  possible  inaccuracy  in  reaching  the  exact  increment  in  the  fastest 
rate  was  ^  o.  2<.  If  a  larger  error  than  that  was  made  the  trial  was  re- 
peated. The  variation  by  unsteadiness  of  the  observer's  hand  may  intro- 
duce a  possible  error  of  d=  o.  2'.  These  are  the  only  two  marked  sources 
of  error.     The  iirst  affects  only  the  fastest  rate. 

The  results  for  the  observers  are  contained  in  Table  VI.  The  first  part 
of  the  table  shows  the  numbers  of  R  (change  perceived)  and  U  (uncer- 
tain) answers  that  were  given  out  of  five  trials  on  each  increment.  At 
the  right  hand  end  of  each  line  I  have  omitted  all  but  the  first  ''5" 
when  this  is  the  first  of  three  successive  fives.  The  R  and  the  U  trials 
are  recorded  separately  and  the  reader  may  distribute  the  U  trials  as  he 
thinks  best.  A  general  expression  of  the  results  may  be  gotten  by  a 
study  of  the  R  trials  alone. 

Table  VI. 
Threshold  of  increase  in  a  lifted  weight  of  468, 
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The  unit  of  measiuemenl  ii  the  gram. 
Number  of  trials  on  each  point,  n  ^  10, 
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R,  number  of  limes  the  reply  "  change  " 

BOS  given  in  hyt  trials. 
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The  difference  between  5  and  R  +  U 
will    give    the    number   of   replies   "no 

The  numbers  at  the  head  of  the  columns 
denote  the  iocreraenM. 
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able that  all  intreiiieiit^  would  be  perceived. 
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I  have  here  assumed  a  standard  condition  which  gives  a  threshold  cH 
the  same  degree  of  probability  in  all  rates.  This  is  obtained  by  the  con- 
ditions upon  which  the  figures  of  the  J  column  in  the  second  part  of  the 
table  are  based,  i.  e.,  the  first  of  these  consecutive  increments  that  has 
been  correctly  perceived  is  taken  for  the  threshold.  With  this  as  a  standard, 
we  may  compare  the  rates  with  each  other  and,  with  certain  precautioDS, 
the  general  results  with  those  obtained  by  the  reaction  method. 

There  is  a  remarkable  imiformity  in  the  results,  considering  the  delicacy 
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Fig.  3. 


A,  Results  in  Table  IV. 

B,  Results  in  Table  VII. 

C,  Results  in  Table  VI. 

The  horizontal  axis  is  divided  into,  parts 
proportioned  to  the  number  of  grams  of  in- 


crease per  second,  or,  which  is  the 
to  the  part  per  second  of  the  initial  stimidas 
by  which  the  change  was  made.  The  in- 
crements are  laid  off  in  grams  as  ordinates. 
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and  difficulty  of  this  discrimination  and  the  lack  of  practice.     Bearing 
in  mind  the  differences  in  the  conditions  of  these  experiments  and  those 

Table  VII. 
I'ive  expenments  on  the  author  under  conditions  similar  to  those  in  the  preceding  table. 
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Capitals  denote  the  successive  experi- 
ments. 
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8.8 

1.0 

6.3 
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9.2 

1.6 

II. 9 

2.5 

in  series  IV  we  may  obtain  some  general  conclusions  from  this  com- 
parison : 

I .  The  law  of  the  relation  of  the  increment  to  the  rate  of  increase  es- 
tablished by  the  previous  method  in  series  I  and  IV  is  supported  and 
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proved  beyond  the  possibility  of  a  doubt.  This  applies  to  series  I  oolf 
indirectly,  but  the  general  agreement  between  the  &cts  and  conditioB 
of  series  I  and  series  IV  justifies  the  deduction  in  regard  to  the  quali- 
tative  statement  of  the  law. 

2.  The  slowest  rate  requires  the  same  increment,  within  o.  i',  by  thii 
as  by  the  previous  method.  By  the  present  method  the  other  two  nta 
require  smaller  increments,  somewhat  in  proportion  to  the  rates. 

3.  The  proportional  differences  by  the  two  methods  do  not  point  to 
any  notable  error  in  the  previous  method,  but  are  a  good  expression  fer 
the  difference  in  the  mental  attitude  in  the  two  methods. 

The  foregoing  experiment  was  repeated  five  times  upon  the  writer  dar- 
ing as  many  successive  days.  The  conditions  differ  in  that  I  knew  jiHt 
what  was  going  on  physically  except  in  one  respect,  namely,  that  I  did 
not  know  whether  the  trial  would  be  a  regular  or  a  control  trial.  In  tliis 
series  I  do  not  record  the  result  of  the  control  trials  because  I  set  mj 
standard  so  high  that  I  made  practically  no  error.  The  following  con- 
clusions may  be  drawn  from  the  summary  in  Table  VII . 

1.  The  general  direction  of  the  rate-influence  is  the  same  as  that 
found  for  the  other  observers. 

2.  There  is  a  noticeable  decrease  in  the  rate-influence  for  the  fitstot 
rate  during  the  progress  of  the  experiment. 

3.  A  reasonable  expression  for  the  difference  in  mental  attitude  due  to 
my  knowledge  of  the  rate  of  change  is  found  in  the  amount  by  which  my 
threshold  differs  from  that  of  the  other  observers. 


VII.  Effect  of  the  rate  of  change  upon  the  perception  of  vert 

RAPID    INCREASE    IN    WEIGHT. 

Apparatus  E, 

Very  rapid  rates  of  change  being  desired  here,  it  was  necessary  to  use 
a  float  of  larger  diameter,  or  nozzles  allowing  a  more  rapid  stream  to  fioWy 
than  had  hitherto  been  used.  The  former  alternative  was  adopted,  but 
with  this  alternative  a  change  in  the  mechanism  of  the  rest  of  the  iq>pa- 
ratus  also  became  necessary.  Apparatus  C  required  that  the  operator 
should  stop  the  increase  when  it  had  reached  the  desired  height.  •  Tbr 
rates  of  change  approaching  the  instantaneous,  }\ere  required,  could  only 
be  obtained  by  an  automatic  determination  of  the  amount  of  increase  bjr 
the  apparatus  itself.     This  was  accomplished  as  follows  : 

Apparatus  C  was  used  in  all  its  parts  except  three,  namely :  the  float, 
the  connection  between  the  cell  and  the  beam,  and  the  rod  which  counter- 
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^  balanced  the  float.  A  light  steel  tube  of  25"^  diameter  was  used  for  a  float. 
The  connection  with  the  cell  was  reestablished  in  the  following  manner. 
A  balance  beam  E  of  the  same  dimensions  as  the  balance  beam  A  is 
placed  immediately  above  A  and  parallel  to  it.  We  may  name  the 
float  end  of  the  original  beam  Af  and  the  corresponding  end  of  the  upper 
beam  Ef  and  the  other  ends  respectively  Aw  and  Ew,  Ef  is  vertically 
over  AfzxiA  they  are  joined  by  two  loops  of  fine  wire  which  interlock  at 
the  middle  in  such  a  way  that  when  the  tension  is  released  and  Afzxx^ 
i£/"  approach  each  other  the  loops  cause  no  friction  and  allow  no  spring  or 
elasticity ;  the  lower  is  fixed  in  an  upright  position  and  the  upper  falls 
vertically  by  its  own  weight.  Now,  following  the  same  principle  as  in 
apparatus  Z>,  the  standard  weight  is  maintained  by  means  of  the  com- 
pound balance  action.  The  cell  is  attached  to  Ew  and  from  the  same 
point  a  balance  pan  (pan  ^)  is  suspended  400""*  below.  In  place  of  the 
rod  at  Aw  another  scale-pan  (pan  ^)  is  suspended  at  the  same  distance 
as  pan  E.  When  the  weight  in  pan  E  is  equal  to  the  weight  of  the  float 
at  zero  the  two  beams  stand  in  a  horizontal  position  and  the  loops  be- 
tween Af  and  Ef  are  just  on  the  point  of  making  contact.  A  is  bal- 
anced and  exerts  no  influence  on  E^  and  E  is  balanced  and  exerts  no 
influence  upon  the  cell  which,  when  lifted,  has  its  own  weight  plus  the 
weight  of  pan  E,  If  the  weight  in  pan  A  be  diminished  Af  will  pull  on 
Ef  by  that  amount  and  this  will  in  turn  lift  at  Ewy  which  lessens  the 
weight  of  the  cell  by  the  same  amount. 

The  balancing  of  the  apparatus  depends  upon  the  position  of  the  cell 
when  lifted.  A  special  support  for  the  cell  regulates  this.  It  consists  of 
a  trap  on  top  of  the  arm  support  (CJ.  This  is  essentially  a  slat  with 
one  end  hinged  to  the  rear  end  of  the  arm  support.  Its  front  end  is 
held  up  against  an  adjustable  catch  by  a  weight  acting  through  a  cord 
over  a  pulley.  This  cell  is  placed  on  the  front  end  of  this  slat  in  the 
same  lateral  pK>sition  as  before,  but  it  is  supported  at  the  standard  height 
to  which  it  should  be  lifted.  When  the  cell  is  grasped  it  is  held  in  the 
same  comfortable  position.  The  experimenter  elevates  the  weight  which 
supports  the  trap,  the  trap  falls  and  leaves  the  cell  supported  by  the 
hand  in  a  definite  position. 

Let  me  further  explain  the  apparatus  by  an  illustration  of  how  it 
works.  Suppose  I  desire  to  produce  a  measured  increase  of  2'  on  a 
standard  of  40*  at  a  very  rapid  rate.  The  cell  itself  weighs  25'  and 
a  weight  is  placed  in  pan  Ey  so  that  the  total  weight  of  the  cell  when 
held  in  position,  after  the  trap  is  dropped,  will  be  40'.  Both  beams 
are  balanced  in  a  horizontal  position  and  exert  no  influence  on  the 
cell.     Then  we  take  off"  2*  from  pan  A,     This  makes  Af  pull  on  Ef 
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by  2*  and  this  in  turn  lifts  the  pan  E  by  2'^  reducing  the  standard  ta 
38'.  This  we  correct  by  adding  2'  to  pan  E  and  again  obtain  our 
standard,  40'.  But  now  pan  E  is  lifting  2'  at  Ef  and  the  same  amount 
at  Ew;  if  we  then  gradually  restore  the  balance  of  A  by  immersing 
the  floaty  E  being  stationary,  the  amoimt  lifted  at  Ew  will  decrease 
until  the  zero  point  is  reached  and  the  contact  between  Af  and  Ef  is 
broken.  The  contact  is  broken  at  the  moment  2'  have  been  added  to 
the  weight  of  the  cell  making  it  42'.  The  rule  detenninmg  the  va/t  of 
the  increment  is  that  the  desired  weight  must  be  removed  from  pan  A 
and  placed  in  pan  E,  The  rate  of  increase  is  determined  by  the  size 
of  the  stream  of  water  as  before. 

The  above  is  an  entirely  satisfactory  solution  of  the  problem  of  hoir 
to  produce  quick  and'  accurate  changes  of  weight  in  a  given  standard 
without  movement  or  jarring  of  the  body  lifted.  The  adjustment  to  the 
zero  point  may  pemiit  a  possible  error  of  ±^«.  The  trap  holds  the  cell 
in  the  correct  position,  and,  after  a  brief  practice,  the  observer  can  retain 
this  approximately,  but  for  accidental  movements  of  the  hand  there  may 
be  an  error  of  within  ±  J^«.  There  could  be  no  other  inaccuracy  in  the 
size  of  the  increments,  since  they  were  made  by  actual  interchange  of 
gram  weights. 

The  rates  were  timed  by  the  graphic  method  of  recording  time.  The 
recording  pointer  was  placed  in  circuit  with  a  means  of  making  the  cir- 
cuit at  the  beginning  of  the  increment  and  breaking  it  at  the  completion. 
The  electric  clamp  key  was  used  as  in  series  I  to  make  the  circuit 
the  moment  the  stream  was  let  on.  A  platinum  contact  was  built  xip 
at  Afy  such  that  Af  rested  upon  it  and  kept  the  circuit  closed  as  long  as 
Af  was  heavier  than  Aw,  The  moment  the  beam  A  passed  through  its 
point  of  balance  and  the  tension  on  the  interlocking  loops  was  released^ 
Af  left  its  contact  and  the  electric  current  was  interrupted. 

I  first  measured  the  time  of  all  the  increments  (the  steps  in  the  series 
differed  by  2'  each)  from  2'  to  20'  on  one  rate  to  find  if  the  changes  were 
uniform.  This  rate  made  the  change  at  the  rate  of  i'  in  o.i2'. 
Taking  the  time  to  increase  20*  as  a  standard,  and  calculatmg  the  theo- 
retical time  for  each  increment,  I  found  that  the  empirical  results 
deviated  from  the  theoretical  only  by  an  irregular  fluctuation  no  laiger 
than  might  be  allowed  for  the  error  of  measurement,  i.  e.,  there  was  no 
systematic  error  large  enough  to  demand  consideration  here,  and  the  in- 
crease may  be  considered  as  practically  constant.  Having  found  this  I 
timed  all  the  rates  for  the  step  of  20',  and  divided  that  up  proportionately 
for  the  other  steps.  The  rates  adopted  and  measured  in  this  manner  are 
as  follows : 
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I. 

II. 

III. 

IV. 

V. 

a 

454 

8.33 

33.33 

50.00 

66.66 

P 

0.22 

0.12 

0.03 

0.02 

0.015 

r 

O.II 

0.21 

0.83 

1. 21 

1.54 

Here  a  denotes  the  number  of  grams  of  increase  per  second,  fi  the 
number  of  seconds  to  increase  one  gram,  and  y  the  part  of  the  initial 
stimulus  per  second. 


The  fastest  rate  hitherto  used  required  the  largest  increment.  Refer- 
ring to  the  curves  in  Figure  3,  what  is  the  highest  limit  for  these  if  they 
be  continued  to  the  left,  and  what  form  will  they  assume  in  returning  to 
the  low  point  that  marks  the  instantaneous  increase  ?  This  is  the  question 
I  have  tried  to  answer  by  the  present  series  of  experiments. 

The  quoted  rates  are  within  the  limits  of  sufficiently  accurate  measure- 
ment by  the  present  apparatus.  The  slowest  connects  with  the  fastest  of 
the  previous  and  the  fastest  approaches  the  instantaneous. 

The  method  of  minimum  variation  was  here  used  somewhat  differently 
from  the  previous  manner.  The  threshold  was  determined  five  times  for 
each  rate  as  follows :  the  increments  differed  by  2*  each,  but,  in  order  to 
save  time,  five  trials  on  each  step  were  made  in  succession.  A  number 
of  steps  in  the  middle  region  were  tried  until  a  block  of  records  was  ob- 
tained in  which  the  change  had  been  perceived  correctly  every  time  in 
the  largest  of  the  increments  tried  and  no  time  in  the  smallest.  The  few 
exceptions  to  this  rule  may  be  seen  in  the  records  from  the  fact  that  the 
highest  number  is  less  than  five  in  those  cases. 

The  observer  was  given  a  choice  of  two  answers  only,  namely, 
**  Change"  or  *'No  change.**  The  merits  and  demerits  of  that  limita- 
tion are  well  known.  At  a  signal  the  observer  grasped  the  cell  with  the 
hand  in  position  to  rest  firmly.  At  a  second  signal  the  trap  fell  and  he 
was  to  look  for  the  differentiation  which  might  begin  about  two  seconds 
afterwards.  He  was  required  to  give  his  answer  as  soon  as  the  increment 
was  completed. 

The  results  for  six  observers  are  contained  in  Table  VIII.  The  left 
hand  section  of  the  table  shows  the  number  of  perceived  changes  out  of 
five  possible  for  each  step.  There  the  variation  of  any  single  increment 
may  be  traced  for  each  observer.  All  but  the  first  of  the  succes- 
sive ''5s**  are  omitted,  and  all  increments  above  this  are  counted  as 
perceptible  in  the  respective  single  determinations  of  the  threshold.  J 
is  found  as  before  by  taking  the  average  of  the  single  thresholds  above 
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F.C. 


N.  H. 


V.  S. 


W.JJ. 


J/ R.  - 


W.  H. 


Av.  % 


Table  VIII. 


nreshM  of  increase  in  a  4x3^  weight  at  five  rapid  rates. 
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Roman  numirals^  rates  of  change. 

Figures  at  the  top^  increments  in  grams. 

e,  the  numerator  gives  the  number  of  er- 
lorajthat  were  made  in  the  number  of  con- 
firol  trials  denoted  by  the  denominator. 

J,  threshold. 


dy  mean  variation :  to  find  the  mean 
variation  for  the  series  divide  each  by 
2.2. 

The  average  is  stated  as  the 
of  the  possible  number  of  correct 
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which  all  increments  were  perceived,  on  the  supposition  that,  when  an  in- 
crement had  been  perceived  every  time,  all  steps  above  that  would 
also  be  perceived.  The  assumption  is  quite  valid,  for  the  steps  are  larger 
and  the  successive  steps  would  be  taken  under  similar  conditions  with  ref- 
erence to  the  larger  fluctuations  in  sensibility.  The  value  of  this  thresh- 
old must  also  be  estimated  by  its  mean  variation  and  by  a  comparison 
with  the  distribution  of  the  figures  in  the  first  part  of  the  table. 
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E,  Results  in  Table  VIII,  p.  56. 
Dy  Results  in  Table  IX,  p.  58. 
/,  Results  in  Table  V,  p.  46. 
A^  Highest  point  in  A^  Figure  3,  p.  50. 


By  Highest  point  in  B^  Figure  3. 
The  horizontal  axis  is  divided  on  a  scale 
20  times  as  large  as  in  Figtire  3. 


The  number  of  experiments  is  too  small  to  afford  a  detailed  expression 
of  the  law  of  variation,  but  it  is  evident  that  we  have  found  the  maximum 
or  turning  point  in  the  size  of  increments.  The  results  as  expressed  in 
curve  E^  Figure  4,  show  the  gradual  return  to  the  point  of  instantaneous 
increase.     This  curve  shows  their  relation  to  the  point  /denoting  instan- 
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taneous  increase  and  the  poiat  A  dic^Hng  the  highest  point  in  curve  A^ 
Figure  3,  i.  e. ,  the  thicafaokllor  the  rate  of  i'  in  o.  1 5*.  The  object  of  these 
experiments  is  to  trace  the  connection  between  If  and  71  Since  their 
rebtive  ^stance  is  very  much  magnified  in  Figure  4,  the  scale  in  this 
figure  should  be  compared  with  the  scale  in  Figure  3. 

The  above  experiment  was  repeated  four  times  upon  the  writer,  as  hi 
as  possible  imder  similar  conditions.  The  results  are  expressed  in  Table 
IX  and  curve  2>,  Figure  4. 

Table  IX. 
lumr  experiments  upon  the  author;  conditions  similar  to  those  in  the  preeeding  taNe» 
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55 
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A 
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V 

5 

55 

75 

95 
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A 

5.9 

0.4 

Notation  same  as  in  Table  VIII. 

These  results  agree  with  the  foregoing  in  that  they  show  that  the 
threshold  is  lowered  as  the  point  of  instantaneous  increase  is  approached. 

In  comparing  the  superposed  curves  in  Figures  3  and  4  it  must  be  re- 
membered that  there  are  important  differences  in  the  conditions  upon 
which  the  results  in  each  curve  are  based.  Therefore,  the  co  mparison 
must  not  be  one  of  absolute  units,  but  of  general  directions  and  tenden- 
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cies.  Thus,  in  Figure  3,  the  curves  descend  in  a  decided  manner  towards 
the  right,  and  in  Figure  4  they  descend  toward  the  left,  though  not  with  as 
great  regularity.  The  curves  in  these  two  figures  may  be  joined  together 
and  then  they  will  express  the  general  law  stated  in  the  next  paragraph. 

•     VIII.  Some  observations  and  conclusions. 

The  various  conclusions  in  regard  to  the  influence  of  the  rate  of  change 
upon  the  threshold  of  change  for  pressure  and  muscle  sense  made  muieT 
the 'conditions  adapted  in  the  atove-^xperiments  may  be  generalized  as 
follows:  the. threshold  for  the  perception  of  difference  in  pressure  and 
lifted  weight  rises  rapidly  from  the  threshold  of  instantaneous  change 
and  soon  reaches  a  maximum  from  which  it  falls  off  gradually  until  the 
slowest  rate  at  which  the  change  can  be  perceived  at  all  has  been  reached. 

This  is  not  an  absolute  law,  but  it  is  a  well  defined  tendency.  Its 
value  depends  largely  upon  the  conformity  of  the  above  c6nditions 
of  experiment  to  the  normal  conditions  of  our  every-day  experience.  I 
have  hoped  to  obtain  the  facts  undistorted  by  using  the  so-called  **  un- 
conscious" method  and  making  the  results  partially  statistical.  I  am 
not  going  to  enter  into  any  polemic  with  those  who  have  found  contra- 
dictory results  (mainly  Stratton),  for,  like  other  factors  in  our  percep- 
tion, the  rate  influence  depends  upon  its  relation  to  a  number  of  unknown 
subjective  and  objective  conditions  which  determine  its  nature  and  effect. 
The  subject  has  just  been  opened  for  experiment. 

Any  law  expressing  the  influence  of  the  rate  of  change  upon  the  per- 
ception of  difference  in  sensory  stimuli  must  be  stated  particularly  with 
reference  to  the  following  among  other  factors : 

1.  The  special  sense  organ.  The  law,  derived  from  the  above 
experiments,  is  indicative  of  relations  that  we  find  to  obtain  in  other 
senses.  Thus,  there  is  a  general  agreement  between  these  results 
and  those  found  by  Scripture  and  Stern  on  sight  and  by  the  same 
authors  on  sound  (see  references,  p.  27),  but  there  are  important  dif- 
ferences depending  upon  the  functioning  of  the  particular  sense  organs. 
The  above  may  be  made  a  general  law  of  sensation,  but  it  has  definable 
peculiarities  for  each  sense.  Compare,  e.  g.,  Stern's  results  on  sight 
and  sound  or  mine  on  pressure  and  weight. 

2.  The  kind  of  threshold.  The  rate  influence  has  mainly  been  studied 
in  the  threshold  of  change.  It  is  equally  important  and  may  be  just  as 
well  studied  in  other  thresholds,  e.  g.,  the  threshold  of  sensation.  I  have 
made  some  experiments  upon  the  least  perceptible  touch  as  depending 
upon  the  rate  of  impact  of  the  stimulus.  These  experiments  were  made 
with  a  modified  form  of  apparatus  A,     The  rate  influence  was  here  more 
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marked  than  that  for  the  threshold  of  difference  in  pressure,  i.  e.,  the 
largest  stimulus  was  required  near  the  instantaneous  rate,  which  was  much 
lower  than  for  any  gradual  stimulus.  At  very  slow  rates  the  perception  be- 
came very  uncertain.     Thus,  I  found  it  possible  to  apply  a  pressure  of 
4*  over  an  area  only  i""  in  diameter  upon  a  finger  without  the  observer 
being  able  to  detect  it.     I  have  made  similar  observations  on  tile  thresh- 
olds of  sight  and  sound  and  on  the  thresholds  of  sensation,  disagreeable- 
ness,    and  pain  under  electrical    stimulation.     These  last  experiments 
were  made  by  an  ordinary  slide  inductorium  and  a  pair  of  electrodes. 
In  such  experiments  the  psychological  method  promises  to  be  of  great 
value  for  the  study  of  the  development  of  sesthetical  ideas  and  tastes 
as  depending  upon  the  rate  at  which  the  sensory  impressions  are  made, 
e.  g. ,  in  approaching  the  threshold  of  pleasure  or  pain.     And,  what  is 
mainly  of  theoretical  interest  in  psychology  has  a  very  extensive  practical 
interest  for  education. 

Hall  and  Donaldson  and  Stern  (see  references,  P*  27)  have  studied 
the  rate  influences  in  the  perception  of  motion  by  sight.  I  have  found 
a  marked  variation  in  the  perception  of  tactual  and  muscular  space.  It 
has  been  customary  to  take  the  rate  variation  into  consideration  in  esti- 
mating lifted  weights  by  requiring  that  the  weights  should  always  be  b'fted 
to  the  same  height  at  the  same  rate.  MCller  and  Schumann's^  meas- 
luements  on  this  point  are  valuable. 

I  have  constructed  a  dynamometer  for  measuring  active  pressure.  A 
beam  300""*  long  is  supported  upon  pivot  bearings  at  one  end.  The 
other  end  carries  a  pointer  which  moves  over  an  arc  graduated  empiri- 
cally from  o*  to  1000*.  The  i>ointer  end  of  the  beam  is  supported  by  a 
steel  spring  of  seventy  coils  hung  vertically.  The  pressure  point  is  a 
hard  rubber  disk  1 5"°*  in  diameter  supported  by  a  loop  from  a  point  on 
the  beam  75"""  from  the  bearing  end  of  the  beam.  This  is  a  convenient 
and  satisfactory  dynamometer.  In  some  experiments  I  required  the 
observer  to  press  to  the  standard,  500*,  and  then  reproduce  it  from 
memory  at  various  rates  of  increase  in  pressure  so  as  to  reach  the 
standard  in  the  following  times :  (i)  2*;  (2)  the  observer's  own  time, 
generally  about  5';  (3)  5";  (4)  lo';  (5)  15";  (6)  20';  (7)  25'.  The 
standard  was  pressed  before  each  single  trial ;  it  was  aimed  to  reach  it  in 
5*.  The  results  show  that  the  slower  the  pressure  increases  the  more  it  is 
overestimated.     The  2*  pressure  is  generally  underestimated. 

What  is  true  for  one  unit  applies  also  more  or  less  to  other  units  of 
measurement  in  sensation.     I  made  some-experiments,  e.  g. ,  on  the  double 

'MOller  and   Schubcakn,  Uitber  die  psychologischen    Grundlagen  der  Virgleichum 
gehobener  Gewichte^  Archly,  f.  d.  ges.  Physiol.  (PflUger),  1889  XLV  37. 
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stimulus  in  pressure  with  a  standard  of  5'  using  apparatus  ^  as  in  series 
I  with  rates  I,  II  and  V.  The  results  for  five  observers  were :  I,  10.5* ; 
ir,  1 2.  I*;  and  V,  13.4%  i.  e.,  the  faster  the  increase  the  more  the  com- 
parative pressure  is  underestimated.  This  is  in  accord  with  the  laws 
found  for  dynamometry  and  for  the  threshold  of  pressure. 

The  rate  influence  is  not  limited  to  sensation.  It  enters  our  higher 
and  more  complex  emotional  and  intellectual  experience  and  activity. 

3.  The  standard  stimulus.  The  variation  with  the  standard  stimulus 
is,  perhaps,  best  expressed  by  Weber's  law. 

4.  'L'he  direction  of  change.  For  most  stimuli  there  is  a  close  rela- 
tion between  the  threshold  for  increase  and  the  threshold  for  decrease. 

5.  Method  of  marking  the  beginning  and  the  end  of  change.  Any 
method  which  leaves  the  reaction-time  in  the  results  is  necessarily  crude 
and  the  methods  of  elimination  are  uncertain.  Introducing  other 
methods  changes  fundamental  ^tors  in  the  conditions.  Stratton's 
experiments  and  the  mine  have  shown  that  the  results  depend  to  a  great 
extent  upon  the  method.  According  to  Stratton,  the  law  may  even  be 
reversed.  We  may  grant  that  possibility,  but  that  does  not  detract  from 
the  value  of  our  results,  for  each  method  reveals  a  characteristic  tendency. 
It  seems  to  me  that  Stratton' s  reversal  of  the  law  obtained  by  a  gra- 
dation-method, is  not  due  only  to  the  change  in  method  of  recording  the 
end  of  the  increment,  but  to  this  in  connection  with  other  important 
factors,  such  as  the  special  conditions  of  knowledge  of  the  physical  rela- 
tions and  the  state  of  preparedness. 

6.  Knowledge  of  the  &cts.  This  changes  the  laws  of  perception  in 
several  ways.  Knowledge  of  the  physical  facts  acts  as  a  suggestion.  A 
conscious  or  unconscious  distortion  or  correction  is  liable  to  creep  in. 
The  unconscious  corrections  are  perhaps  the  most  vitiating.  Our  ordi- 
nary experience  affords  us  examples  of  change  in  which  the  physical  pro- 
cesses are  known  and  others  in  which  they  are  not,  and  our  experiences 
are  different  in  the  two  cases.  This  is  just  what  we  find  in  experiment. 
From  this  point  of  view  the  cases  in  question  must  be  stated  with  refer- 
ence to  (i)  the  state  of  expectancy  or  preparedness,  (2)  the  distribution 
of  attention,  and  (3)  the  degree  of  complexity  of  the  discrimination. 
It  is  well  known  what  a  difference  it  makes  whether  a  person  knows  what 
to  expect  and  when  and  how  to  expect  it.  Such  knowledge  guides  the 
distribution  of  attention.  Thus,  if  I  must  distribute  my  attentive  energy 
over  25'  it  will  be  less  potent  at  any  moment  of  response  than  if  it 
were  sharply  focused  just  for  that  moment.  But  on  the  other  hand,  dur- 
ing a  prolonged  uncertainty,  expectation  rises  and  the  effort  of  attention 
becomes  greater  and  greater. 
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In  a  former  article^  I  reported  some  measurements  on  illusions  of 
weight.  Since  then  it  has  occurred  to  me  that  we  may  not  only  measure 
an  illusion,  but  also  use  this  measurement  as  a  means  by  which  to  de- 
termine some  other  mental  fector  whose  relation  to  it  is  known.  An 
experimental  attempt  at  this  subject  revealed  another  problem  which  is 
involved  in  the  first  and,  at  the  same  time,  affords  a  fidd  in  which  the 
two  may  be  solved  together.  This  second  problem,  which,  on  account 
of  the  outcome  of  the  experiments,  proves  to  be  the  most  important,  is 
this :  Does  Weber's  law  depend  upon  the  so-called  real  intensity  or 
upon  the  apparent  intensity  of  the  stimulus  ? 

As  a  most  distinct  and  manageable  case  in  which  to  carry  on  the 
investigation  I  selected  the  illusion  of  weight  which  is  due  to  the  knowl- 
edge of  the  size  of  the  object  lifted.  The  apparatus  consisted  of  three 
pairs  of  cylinders  {A,  B  and  C)  of  the  same  weight,  8o',  and  the  same 
diameter,  37"*" ;  but  of  different  lengths,  A  being  20"*",  B  120""  and  C 
50"^.  The  cylinders  were  made  of  polished  hard  rubber  ;  in  external 
appearance  they  were  similar  in  all  respects  except  length.  The  bot- 
tom plates  were  screwed  in  and  could  be  removed  by  turning  them 
three-fourths  of  a  revolution  by  a  key.  A  steel  pin  rose  from  the  center 
of  each  bottom-plate  for  the  purpose  of  receiving  different  weights  con- 
sisting of  circular  disks  with  holes  in  the  centers  to  fit  this  pin.  There 
were  two  sets  of  these  weights ;  one  of  1'  to  15"  by  one-gram  steps  and 
the  other  of  5'  to  40'  by  five-gram  steps.  The  adjustment  of  the  weight 
by  this  method  was  suggested  by  Dr.  Meumann,  of  Leipzig.  It  is  a 
modification  of  Professor  Jastrow's  muscle  sense  apparatus. ' 

Twenty  students  in  experimental  psychology  were  examined  and  asked 
to  give  their  judgments  regarding  the  heaviness  of  the  weights  but  to 
make  no  correction,  allowance,  or  guess,  based  upon  knowledge  of  the 

^  Seashore,  Measurements  of  illusions  and  hallucinations  in  normal  life,  Stud.  Yale 
Psych.  Lab.,  1895  III  I. 

'  I  am  under  obligations  to  Professor  Bliss  for  facilities  and  suggestions,  and  to  mem- 
bers of  his  class  in  the  New  York  University  summer  school,  1896,  for  assistance 
as  observers  in  the  present  experiments. 
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illusion  involved.  As  has  been  proven  (pages  5-9  in  my  investigation 
cited  above)  the  illusion  of  weight  persists,  but  is  not  so  strong  when  the 
fact  of  the  illusion  is  known  ;  therefore,  observers  who  are  aware  of  the 
illusion  and  those  who  are  not  aware  of  it  fall  into  two  distinct  classes. 
In  the  present  experiments  even  the  details  of  the  illusions  of  weight  and 
of  this  illusion  in  particular  were  demonstrated  before  the  observers  until 
all  were  conversant  with  the  facts  in  question.  Therefore,  the  illusion 
here  measured  is  not  the  maximum.  The  preparatory  demonstration 
was,  however,  made  by  a  different  set  of  cylinders  in  which  the  diameters 
varied  so  that  none  of  the  observers  knew  the  exact  extent  of  the  illusion 
in  the  present  apparatus. 

The  aim  was  to  determine  two  classes  of  facts :  ( i )  the  threshold,  or 
least  perceptible  difference,  for  each  pair  of  cylinders,  and  (2)  the 
amount  and  kind  of  illusion  in  A  and  B  respectively  when  measured  by 
C  as  a  standard.  The  first  was  determined  by  the  following  method : 
The  weights  in  the  continuous  series  rising  by  one  gram  each  step  were 
tried  until  three  successive  increments  had  been  correctly  perceived. 
The  lowest  of  these  was  considered  a  threshold  value.  The  observers 
were  allowed  to  answer  **  equal  **  or  **  different  **  and,  in  the  latter  case, 
they  were  required  to  point  out  the  heavier.  The  amount  of  the  illusion 
was  found  by  determining  how  much  the  weight  in  the  C  cylinder  had  to 
be  varied  from  the  standard  in  order  to  make  it  equal  to  the  A  cylinder. 
The  same  procedure  was  repeated  for  the  B  cylinder.  The  series  of 
weights  which  differed  by  five-gram  steps  were  used  in  the  measurement 
of  the  illusion. 

The  results  are  given  in  the  Table.  One  determination  was  made  in 
the  order  AA,  AB,  JC,  Ky  K'  of  which  the  results  are  recorded  in  the 
rt -columns.  Then  the  series  was  repeated  in  the  reverse  order  with 
another  complete  determination  on  each  point.  These  results  are  re- 
corded in  the  ^-columns.  For  the  threshold  a  and  b  have  the  same  value, 
but  in  the  illusion-measurements  a  represents  the  lowest  difference  which 
made  these  two  cylinders  apparently  equal,  and  b  the  highest ;  i.  e.,  in  « 
I  started  from  the  point  of  physical  equality  and  continued  to  the  first 
point  of  subjective  or  apparent  equality,  while  in  ^  I  started  with  an  ex- 
cessive difference  and  decreased  this  until  the  upper  limit  of  apparent 
equality  was  reached. 

The  experimenter  handed  the  cylinders  from  behind  a  screen  by  pairs, 
placing  them  on  end  side  by  side  in  a  convenient  position  upon  a  baize - 
covered  table.      The  observer  was  required  to  grasp  them  as  nearly  as 
possible  in  the  same  manner  and  lift  them  always  to  the  same  height 
with  the  same  speed.     He  was  also  required  to  keep  them  as  near  to- 
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gether  as  possible,  and,  after  having  tried  them  back  and  forth,  to  iita 
change  them  in  position  and  again  compare  them  in  both  directiaB 
continuing  as  long  as  he  thought  profitable.  Thus  the  errors  of  tin 
■peed,  place,  fatigue,  practice,  surprise,  temperature  and  order  «a 
fairly  eliminated. 
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The  unit  of  measure  is  the  grun- 

J^.  J^.  JC,  the  thresholds  for  ihe 
respective  paiis. 

/r,  overestimatioii  of  A  when  measured 
bjC. 

X',  undereitiiiuttion  of  B  vhen  meuuied 
bjC. 
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The  necessity  of  retaining  the  same  standard  throughout  the  entire  ex- 
periment was  urged  upon  each  observer.  The  standard  of  sureness  can 
be  seen  to  some  extent  in  the  individual  records  by  comparing  the  num- 
ber of  errors  with  the  size  of  the  increments.  E  shows  the  number  of 
actual  errors  in  comparison  with  the  number  of  possible  errors,  or  the 
total  number  of  judgments  that  were  made.  The  comparatively  small 
number  of  errors  in  B  may  be  accounted  for  partially  by  the  favor- 
able position  of  B  in  the  order  of  trials.  The  ^-trials  in  C  were  often 
disturbed  by  their  proximity  to  the  illusion -trials,  and  A  was  subject 
to  still  more  disturbance  because  of  its  position  as  the  extreme  first 
and  last  trials.  I  call  these  so-called  ,wrong  judgments  "errors**  in  a 
different  sense  from  that  in  which  the  illusions  are  called  errors.  The 
illusions  are  normal,  but  what  is  here  called  an  error  is  not  based  upon 
any  such  constant  factor  that  is  known. 

The  variation  is  apparently  large,  but  it  must  be  remembered  that  it 
is  the  individual  variation  of  twenty  different  observers  from  their  average 
and  that  the  number  of  trials  on  each  observer  is  small.  The  general 
agreement  of  so  many  is  worth  more  than  the  consistency  of  one  in  a 
larger  number  of  trials.  If  we  consider  the  uniformity  of  the  conditions 
of  the  observers,  subjective  as  well  as  objective,  we  find  ourselves  justi- 
fied in  taking  the  averages  of  these  twenty  (in  all,  forty  complete  deter- 
minations on  each  point)  as  a  fair  expression  of  the  answer  to  the  two 
original  questions. 

Does  Weber's  law  depend  upon  the  real  or  upon  the  apparent  weights  ? 
If  upon  the  apparent,  is  there  any  traceable  law  ?  In  the  present  case  A 
is  overestimated  by  15.8'  and  seems  to  weigh  95. 8*  in  terms  of  C  which 
we  assume  as  a  standard  and  common  measure.  According  to  that  a  physi- 
cal change  of,  e.  g.,  3.3"  in  A  will  appear  as  a  change  of 

95-8 

^|~x  3.3=4.0.. 

On  the  other  hand  B  is  underestimated  by  12.1*  and  appears  to  weigh 
67.9'  in  terms  of  C.     Then  a  physical  change  of  the  same  amount,  3.3% 

in  B  will  appear  as  a  change  of-|— X  3.3=2.8.     There  is  a  coincidence 

oO 

between  this  theoretical  consideration  and  the  above  results,  but  we  must 
seek  other  relations  in  the  results  in  order  to  get  a  more  direct  answer. 

The  ratios  for  the  relation  between  the  respective  thresholds  and  the 
standard  for  these  particular  conditions  are  : 

JB^^jf,     JC=^and  J^  =  ^. 
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These  are  the  constant  multiples  which  would  ezpresB  Weber's  law  k 
the  same  conditions  if  the  measurements  were  repeated  with  any  standai 
weight  within  the  limits  in  which  the  law  is  applicable.  These  are,  hot 
ever,  only  representative  of  a  large  number  of  possible  illusions.  As 
have  proved  (pp.  3-5  in  the  article  cited  above)  within  certain  limit 
the  illusion  varies  directly  with  the  difference  in  size.  We  might  lun 
made  the  illusion  stronger  by  making  A  smaller  and  B  larger,  or  by  ol 
taining  the  naive,  ''unconcious"  judgment  of  the  observers.  In  sue 
a  case  we  should  have  gotten  a  number  of  thresholds  outside  of  the  piesei 
extremes.  Similarly  we  might  have  decreased  the  illusion  down  to  zen 
It  is  evident  then  that  if  we  state  that  Weber's  law  requires,  e.  g. ,  -^  of  t] 
standard  to  produce  a  just  noticeable  increment  on  So*  we  have  stated 
only  for  one  particular  relation  between  the  standard  weight  and  the  sL 
of  the  object.  Grant  that  C  is  the  nearest  approach  that  we  can  g 
toward  freedom  from  this  one  illusion,  then  the  relation  of  the  threshoi 
to  this  would  denote  that  which  is  generally  expressed  by  Weber's  lai 
But  a  large  number  of  conditions,  represented  by  A  and  B  are  just  as  in 
portant  from  a  practical  point  of  view,  for  it  is  very  rare  in  norm 
life  that  we  lift  objects  that  give  us  no  illusion.  This  was  preeminent 
true  in  the  classic  experiments  on  Weber's  law.  Now,  the  £u:t8  knoi 
about  the  regularity  and  trend  of  this  illusion  justify  us  in  assuming  tha 
if  the  same  proportions  betw^n  the  sizes  and  the  standard  weight  be  r 
tained,  the  illusion  will  approach  a  constant  fraction  of  the  standard  with! 
the  limits  of  the  validity  of  Weber's  law.  Therefore,  if  we  had  determine 
the  threshold  empirically  under  all  possible  degrees  of  illusions  like  tl 
one  under  discussion,  Weber's  law  might  be  expressed  for  all  standai 
weights  within  the  above  assumed  limits  by  as  many  fractions,  like  ^ 
as  there  are  illusory  effects  such  as  A  and  B  represent.  The  feet  of  thi 
possibility  implies  an  affirmative  reply  to  our  first  inquiry,  namely,  thi 
we  can  use  the  measurement  of  one  mental  characteristic  as  an  index  t 
another  ;  in  this  case  the  measured  illusion  is  an  index  to  the  threshold 
An  attempt  to  state  it  from  such  a  complexity  of  conditions  might  seei 
hopeless,  but  the  above  results  give  us  a  key. 

First,  all  overestimation  lowers  the  threshold  and  all  underestimatio] 
raises  it.  Secondly,  retaining  the  notation  of  the  Table,  we  may  formulat 
the  results  thus : 

JA  _  C-K 
JC"     ~C 

AB        C+JC 
and  j-^  =  -^-  . 
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The  error  involved  by  substituting  the  empirical  results  is  5%  in  the 
first  equation  and  10%  in  the  second.  Both  these,  it  may  be  seen  from 
the  table,  are  less  than  the  respective  mean  variations.  Disregarding  the 
illusion  (A' and  K'  in  the  above  formulas)  as  has  always  been  done,  the 
error  in  substitution  would  be  15%  in  the  first  and  21%  in  the  second 
equation.  Hence  Weber's  law  stands  in  a  much  closer  relation  to  the 
apparent  weight  than  to  the  physical  standard. 

If  we  know  the  increment  needed  for  an  object  of  a  given  weight  and 
size,  e.  g. ,  C,  at  any  standard,  and  know  the  amount  of  the  illusion  for 
all  differences  in  size  in  objects  of  this  weight,  we  may  be  able  to  calcu- 
late the  threshold  of  perceptible  difference  for  all  such  cases.     For 


and  -^  =  Y^  . 

These  give  a  constant  fraction  for  all  the  equations,  in  this  case  approxi- 
mately ^ .  This  fraction  may  be  supposed  to  hold  as  a  constant  for  all 
conditions,  of  which  the  above  A,  B  and  C  are  representative.  Hence, 
we  may  state  the  principle  for  the  dependence  of  Weber*  s  law  upon  ap- 
parent weight,  as 

AE 


S-^K 


^M 


where  AE  is  the  threshold  of  perceptible  difference,  S  the  physical 
standard  weight,  K  the  amount  of  the  illusion  (which  must  retain  its 
sign  +  or  —  according  as  it  is  underestimation  or  overestimation  of  the 
standard),  and  J/ a  constant. 

A  question  may  here  be  raised  as  to  the  reason  for  and  effect  of  choos- 
ing C  of  this  particular  size.  It  was  chosen,  after  some  preliminary  ex- 
periments, because  it  seemed  to  correspond  fairly  to  the  size  that  the 
adopted  standard  weight  might  suggest.  What  would  have  been  the  ef- 
fect of  making  it  larger  or  smaller  than  this  ?  It  may  be  possible  to  detect 
some  law  for  the  dependence  of  the  illusion  upon  this,  but  at  the  present 
stage  of  measurements  in  illusions  this  factor  is  negligible  and  the  standard 
may  be  chosen  of  any  size  which  is  not  so  extreme  as  to  introduce  other 
sources  of  error,  such  as  difficulty  in  grasping,  provided  the  results  are 
stated  in  terms  of  that  size.     Such  results  may  also  be  convertible  into 
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terms  of  each  other,  for  on  this  theory  we  may  add  the  illusion  of  A  to  the 
illusion  of  B  and  take  the  sum  of  these  as  the  expression  of  the  illusion  of 
either  A  ox  B  in  terms  of  the  other.     Thus 

JA       B-jK+JC) 
JB  "  B 

and-^^^^  +  ^^+A'). 
JA  A 

The  error  involved  by  substituting  the  actual  figures  is  5%  for  thefiist 
equation  and  7%  for  the  second.  Although  these  are  extreme  cases  the 
error  of  the  substitution  is  no  greater  than  that  found  when  the  mean,  C, 
was  used  as  a  standard.  Therefore,  within  obvious  limits,  we  are  justified 
in  choosing  the  standard  of  any  convenient  size  in  measurements  like 
these. 

Just  as  no  one  now  claims  an  exact  mathematical  conformity  for 
Weber's  law  in  any  sense,  we  must  construe  the  above  formula  liberally. 
There  may  be  some  more  determinable  factors  that  must  be  taken  into 
it ;  we  can  never  hope  to  determihe  and  control  all  such  fectors.  Judg- 
ments as  to  the  validity  of  the  law  have  heretofore  been  made  lai^ely  upon 
experiments  that  involved  the  illusion  here  discussed,  or  similar  ones,  and 
the  variations  caused  by  them  have  been  counted  as  discrepancies  in  the 
law.  The  above  data  at  least  justify  us  in  assuming  this  relation  of  Weber's 
law  to  illusions  as  a  working  hypothesis.  It  promises  not  only  the  same 
degree  of  comformity  as  the  law  has  had  on  the  old  theory,  but  also  an 
extension  of  it  both  in  the  degree  of  conformity  and  the  range  of  its  ap- 
plicability. 
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We  may  suppose  that  in  primitive  times  quantities  were  measured  ac- 
cording to  mental  scales  ;  thus  distances  would  be  established  by  the  eye 
or  paced  off  by  walking,  weights  would  be  judged  by  the  effort  required 
to  lift  them,  etc.  In  most  cases  later  civilization  has,  by  the  method  of 
maximum  agreement,'  established  successively  finer  methods  wherein  the 
disagreements  due  to  the  personal  and  instrumental  differences  are  re- 
duced to  extremely  small  quantities.  These  are  the  so-called  "  physical  " 
or  **  instrumental  **  methods.  Thus  by  instrumental  methods  a  scale  for 
space  is  developed  from  the  standard  meter  bar,  or  a  scale  of  mass  from 
the  standard  kilogram.  With  such  scales  in  our  possession  the  problem 
arises  :  how  do  our  mental  scales  compare  with  the  instrumental  ones  ? 
The  solution  of  this  problem  in  regard  to  the  voluntary  efforts  used  in 
compressing  the  fingers  was  attempted  in  the  following  way. 

Apparatus. 

The  dynamometer.  Experience  with  various  dynamometers  led  to  the 
construction  of  a  new  one.  Two  spring-steel  rods  are  inserted  into  a 
brass  block  so  that  they  extend  from  one  side.  Flat  hard- rubber  knobs 
are  fastened  at  the  appropriate  distance  from  the  block ;  when  pressure  is 
applied  to  these  knobs,  the  rods  bend  inward  after  the  manner  of  sheep- 
shears.  A  light  plate  is  attached  to  the  end  of  one  rod ;  the  end  of  the 
other  rod  is  pointed  to  serve  as  an  index.  The  amount  of  the  pressure 
exerted  on  the  knobs  is  measured  by  the  deflection  of  the  rods,  and  this 
is  indicated  by  the  distance  through  which  the  index  passes  over  the 
plate.  The  physical  scale  is  established  by  resting  the  dynamometer  on 
one  knob  and  placing  weights  on  the  other  knob ;  the  position  of  the 
index  for  each  weight  is  scratched  on  the  plate.  The  knobs  may  be 
placed  at  any  desired  point  along  the  rods.  As  they  are  placed  nearer 
to  the  block,  the  apparatus  becomes  less  sensitive  and  the  movement  less  ; 
as  they  are  moved  toward  the  ends  of  the  rods,  the  apparatus  becomes 
more  sensitive.     In  the  present  inrestigation  they  are  so  placed  that  the 

maximum  force  usually  exerted  makes  the  index  pass  over  the  entire  scale. 
'  Scripture,  New  Psychology,  ch.  Ill,  London,  1897. 
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The  instrument  is  graduated  for  one  position  of  the  knobs  and  must  then 
be  left  unaltered.  These  dynamometers  are  so  readily  made  that  it  is 
preferable  to  have  a  separate  one  for  any  special  problem  rather  than  to 
alter  the  knobs  and  change  the  scale. 

The  dynamometer  is  used  by  holding  it  up  between  the  ends  of  the 
thumb  and  one  of  the  fingers.  The  other  fingers  are  kept  away  from 
the  one  used.  The  metal  block  may  be  allowed  to  rest  lightly  on  the 
palm  of  the  hand.^ 

The  dynamograph.  The  dynamometer  is  turned  into  a  dynamograph 
by  means  of  a  piston  recorder  or  a  recording  capsule.  The  particular 
one  used  in  the  following  experiments  was  made  by  &stening  one  of  the 
extra  glass  cylinders  of  a  HOrthle  piston  recorder  to  one  of  the  steel 
rods  while  the  piston  was  fastened  to  the  other  rod.  Pressure  on  the 
knobs  caused  the  piston  to  descend  in  the  cylinder  and  the  air  to  pass 
through  the  rubber  tube  to  the  recorder.  The  cylinder  is  adjustable  to 
any  point  on  the  rods ;  this  regulates  the  amount  of  movement  in  the 
piston. 

The  recording  point  is  rested  against  any  smoked  sur&ce  in  the  usual 
way.  It  repeats  the  movement  of  the  piston  on  the  dynamometer  and 
consequently  indicates  the  pressure  exerted.  To  graduate  the  record  the 
dynamometer  is  placed  in  a  vise  or  a  clamp  and  is  subjected  to  pressure 
so  that  its  index  reads  i,  2,  3,  etc.  on  the  scale ;  the  position  of  the  re- 
cording point  at  each  of  these  readings  is  marked  on  the  smoked  sur&ce. 


Scale  for  the  thumb  and  finger. 

Two  points  are  to  be  determined  for  our  scale  of  voluntary  effort :   i, 
the  relation  of  its  units  to  the  weight  units ;  2,  its  regularity. 

The  subject  of  the  experiment  takes  the  dynamometer  in  his  hand. 
At  the  command  ''One*'  he  exerts  a  light  pressure;  at  the  command 
**Two**  a  pressure  intended  to  be  twice  as  great;  at  **  Three"  three 
times  as  great ;  etc.  At  each  pressure  the  recording  point  marks  its  ex- 
cursion on  the  smoked  surface  ;  between  records  the  surface  is  moved  so 
as  to  keep  the  marks  separate.  The  experiment  is  repeated  several  times. 
Then  the  dynamometer  is  placed  in  the  vise,  which  is  screwed  up  until 
the  index  indicates  a  pressure  of  i"" ;  a  turn  of  the  drum  inscribes  the 
line  for  i"*  on  all  records.  This  is  repeated  for  2''',  etc.  The  records 
are  then  read  in  tenths  of  a  kilogram. 


1  This  dynamometer  and  the  dynamograph  are  pictured  in  ScR  1 11  ire,  New  Psychology^ 
Figures  4  and  24,  London,  1897. 
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The  following  is  a  specimen  record ;  the  figures  in  the  top  line  give 
the  relative  intensities  of  the  efforts  as  intended,  while  the  actual  results 
of  five  experiments  are  recorded  below  them.     The  unit  is  the  kilogram. 


I 

2 

3 

4 

0.5 

I.O 

1.7 

3.3 

0.4 

I.O 

1.6 

2.8 

0.5 

1.0 

1.6 

2.5 

0.8 

1.6 

2.5 

3.7 

0.9 

2.1 

3.2 

4.1 

The  question  arises  concerning  the  proper  method  for  computing  the 
results.  If  the  values  in  each  column  represent  identical  processes,  they 
should  be  added  directly.  This  is  the  method  which  I  have  followed  in 
reporting  the  results  in  the  New  Psychology  (p.  218).  Further  con- 
sideration leads  me  to  modify  the  procedure.  The  values  for  effort  i  are 
not  intended  to  be  one  particular  effort,  but  any  convenient  light  effort 
to  start  with.  Likewise  the  values  for  effort  2  are  not  attempts  at  a  cer- 
tain definite  effort,  but  are  attempts  to  double  effort  i,  which  may  be 
different  for  different  experiments,  etc.  The  proper  procedure  seems, 
therefore,  to  lie  in  measuring  efforts  2,  3  and  4  by  effort  i,  as  a  unit ; 
this  is  done  by  dividing  all  four  records  by  the  record  for  effort  i  in 
each  experiment  separately.  The  specimen  record  then  takes  on  the 
following  form  : 


I                   2 

3 

4 

I                2.0 

3-4 

6.6 

I                2.5 

4.0 

7.0 

I                2.0 

3.2 

50 

I                2.0 

3.1 

4.6 

I                 2.3 

3.6 

4.6 

The  averages  and  mean  variations  are  then  computed  in  the  usual  way. 
The  results  for  several  observers  are  given  in  the  following  table : 


Table  I. 

Subject. 

I           ^1 

2 

d* 

3 

</. 

4 

</« 

// 

I 

»        *9% 

2.1 

9% 

3-5 

7% 

S-6 

2% 

5 

II 

I        «4% 

2.0 

"% 

3.3 

21% 

7-1 

19% 

5 

III 

I        «S% 

3-0 

27% 

5-7 

33% 

11.4 

M% 

4 

IV 

I        2*% 

2.2 

«4% 

3.1 

29% 

4.6 

24% 

4 

^p  ^2>  ^3>  ^4>  mean  variations. 


If,  number  of  experiments . 
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Scale  for  forearm  and  hand. 

These  experiments  were  made  with  a  dynamometer  constructed  by  Dr. 
Seashore  (p.  60,  above).  A  light  wooden  rod  was  hinged  at  one  end  to 
an  upright ;  a  coiled  spring  supported  the  rod  in  a  horizonal  position. 
Pressure  on  the  rod  at  a  given  point  deflected  it  downward  ;  this  point 
was  chosen  very  near  to  the  axis  in  order  to  make  the  movement  a  mini- 
mum. An  index  at  the  movable  end  of  the  rod  passed  over  an  arc 
graduated  in  grams. 

The  subject  was  seated  with  the  hand  and  arm  extended  horizontally. 
At* the  signals  he  executed  downward  pressures  intended  to  be  in  the  re- 
lations of  I,  2  and  4.  The  results  are  given  in  the  following  table. 
The  experiments  were  all  made  by  me  on  Dr.  Seashore  on  the  same  day 
in  successive  groups. 


TARI.K  11. 

-/. 

2 

'', 

4 

'f* 

fli 

»»% 

2.2 

9% 

3-8 

11% 

10 

17% 

«-3 

*4% 

3-9 

a3% 

10 

*3% 

*-4 

«3% 

4a 

»7% 

10 

a6% 

»-3 

ao% 

41 

a»% 

10 

19% 

2.1 

15% 

3-3 

«4% 

10 

I 

19% 

a-3 

16% 

3-9 

ax% 

50 

Mean 
</p  d^y  </^,  mean  variations.  |   n^  number  of  experiments. 

Conclusions  concerning  the  scales. 

The  mental  scale  of  exertion  is  a  fairly  definite  affair.  It  varies  con- 
siderably in  different  individuals,  but  is  fairly  constant  for  the  same 
individual  on  a  given  occasion. 

The  question  of  how  these  scales  are  established  by  past  experience  is 
not  touched  upon  ;  the  problem  for  the  experiments  related  to  the  actu- 
ally existing  scale. 

Repeated  voluntary  efforts. 

(Henry  E.  McDermott.) 

The  purpose  of  these  experiments  was  to  measure,  not  the  fatigue  of 
maximum  pressure,  but  the  fatigue  resulting  from  many  repetitions  of  a 
moderate  pressure,  thus  showing  the  fatigue  of  the  finger  muscles  un^er 
control  of  the  will  involving  concentrated  attention. 
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The  instrument  used  was  the  dynamometer  described  above  (p.  69). 

The  first  person  experimented  on,  A.  G.,  was  a  High  School  student. 
I  allowed  him  to  give  a  desired  pressure  and  then  told  him  to  relax  the 
grip,  and  with  the  eyes  closed  to  give  the  same  pressure  as  before. 
His  results  expressed  in  dekagrams  were  as  follows  ;  78,  75,  80,  76,  85, 
85,  85,  85,  83,  80,  84,  85,  90,  85,  85,  86,  82,  85,  80,  83,  83,  83,  84, 
84,  85,  86,  90,  89,  90,  90,  90. 

At  90  the  pointer  touched  the  extreme  of  the  scale  and  continued  to  do 
so  for  several  seconds.  In  this  set  we  see  a  tendency  to  gradually  in- 
crease the  grip  as  it  is  repeated ;  this  is  exactly  the  opposite  of  what  was 
expected.  The  results  fluctuate  for  a  time  and  then  for  a  few  seconds 
become  regular.  On  the  average,  however,  they  slowly,  yet  constantly, 
increase  in  strength. 

The  second  person  experimented  on  was  also  a  High  School  student, 
F.  C.     His  results  were  55,  70,  65,  70,  70,  75,  74,  76,  80,  80,  80,  82, 

74,  80,  83,  82,  86,  85,  85,  85,  85,  83,  84,  82,  81,  78,  82,  85,  86,  83, 
80,   82,   82,   83,   83,  82,   83,   85,   85,  8i,  76,  77,  79,   80,  80,    73,  74, 

75,  80,  78,  80,  80,  85,  90,  90,  Z%,  90,  %Z,  90,  90,  90,  90,  90,  90,  90, 
90,  88,  89,  90,  90,  85,  89,  89,  88,  88,  90,  90,  90.  In  this  set  we 
see  nothing  very  different  from  the  first,  except  that  there  was  greater 
regularity  at  the  start  and  that  the  difference  between  beginning  and  end 
was  greater  because  the  starting  point  was  lower. 

The  third  person  experimented  on  was  also  a  High  School  student, 
N.  B.  His  results  were,  30,  34,  32,  33,  32,  29,  32,  29,  30,  30,  32,  30, 
34,  ZZ.  3i»  29,  29,  29,  29,  31,  31,  32,  29,  33,  35,  32,  35,  40,  45,  35, 
39,  38,  40,  38,  39,  41,  40,  36,   32,  40,  40,  35,  36,  34,  30,  38,  35,  35, 

35»  35»  36,  34,  36,  40,  40,  35>  4©,  40,  42,  40,  39»  40i  5o>  5©,  48,  45, 
50,  50,   48,  44,  45,  44,  40,   40,  43,  44,  45,  44,  41,  40.     In  this  set 

we  have  a  remarkable  constancy  of  exertion.     However,  the  tendency 

to  increase  is  noticeable,  as  almost  all  the  later  results  are  greater  than 

earlier  ones.     The  greatest  difference  is  20,  in  contrast  with  26  of  A.  G. 

and  35  of  F.  C.  ;  both  of  which  would  have  been  even  greater  had  the 

scale  been  longer. 

The  fourth  subject  was  a  college  student,  J.  R.  N.  His  results  were 
47,  55,  50,  51,  55>  60,  62,  56,  60,  64,  (>(>,  65,  71,  65,  72,  68,  68,  70, 
66,  65,  68,  75,  76.  In  this  set  we  have  an  almost  constant  increase  up  to 
a  maximum  of  29,  which  is  large  considering  the  shortness  of  the  experi- 
ment. 

The  fifth  subject  was  D.  J.  R.,  a  carpenter.  His  results  were  55,  53, 
54,  65,  66,  68,  65,  66,  77,  75,  73,  72,  78,  78,  80,  82,  85,  85,  87,  85, 
82,  83,  80,  82,  81,  85,  87,  90,  85,  87,  90,  90,  90,  90.      At  90  the 
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pointer  touched  the  extreme  of  the  scale.     Here  we  see  the  same  steadj 
increase  up  to  the  limit  of  the  instrument. 

The  sixth  subject  was  a  young  lady,  Miss  F.  Her  results  were  45,  47, 
36,  42,  45,  50,  50,  44,  43,  51,  55,  56,  55,  46,  40,  47,  52,  54,  60,  54, 
56,  40,  49,  53,  47,  49»  48,  54,  4S»  S^y  S^f  57,  60,  60,  54,  61,  65,  70, 
74,  74,  74,  72,  59,  52,  58,  ee,  55,  70,  71,  72,  68,  70,  70,  64,  68,  65. 
Here  we  have  the  same  general  result,  except  that  it  is  more  irregular 
than  the  previous  ones. 

The  preliminary  experiments  seemed  to  point  to  something  definite,  so 
for  seven  successive  days  at  about  6.30  P.  M.  I  made  sixty  experiments  on 
D.  J.  R.  to  determine  his  average  progressive  error  and  mean  variation. 
He  is  a  carpenter,  24  years  of  age,  5  feet  11  inches  (180.6"*)  in  height 
and  weighs  175  lbs.  (79450').  He  uses  his  hands  in  hammering,  saw- 
ing, planing  and  so  on  ;  he  is  therefore  not  easily  &tigued,  and  at  the 
same  time  his  judgments  by  the  **  muscle  sense''  should  be  accurate  be- 
cause of  this  training. 

In  the  following  table  the  lines  across  the  page  give  the  averages  for 
the  experiments  of  the  seven  days.  The  first  line  gives  the  serial  num- 
ber of  the  contraction ;  the  second  line  gives  the  difference — **  progres- 
sive error" — ^between  each  contraction  and  the  initial  contraction  of  20 
dekagrams.     The  third  line  gives  the  mean  variations. 


5>erial  number 

I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

II 

12 

Progressive  error 

0 

0 

03 

0.1 

1.3 

1-9 

2.3 

'9 

'9 

2.6 

2.0 

3-9 

Mean  variation 

0 

1.7 

2.3 

2.7 

2.9 

2.8 

3.8 

4-4 

5-2 

4.8 

3.7 

4.2 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

M 

2.7 

3.6 

3.6 

4-3 

3.7 

3.0 

4.1 

3-7 

4.0 

3.1 

3.9 

4.3 

• 

3.6 

4.2 

4-7 

70 

5-4 

4-9 

5.0 

4.4 

5-4 

6.2 

5.2 

5.0 

25 

26 

27 

28 

29 

30 

31 

32 

Zl 

34 

35 

36 

5.6 

5.4 

5-4 

4.6 

5.1 

5.9 

4.7 

5-3 

5-3 

5.4 

5.6 

6.3 

7.4 

8.3 

8.0 

7.7 

8.2 

7.2 

8.2 

7.8 

9.0 

7.2 

8.0 

8.8 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

6.6 

4.9 

5.6 

5.7 

5.6 

6.4 

6.0 

4.6 

50 

4.4 

4-4 

4.6 

9-7 

7.8 

7.7 

7.6 

8.3 

7.7 

71 

6.7 

7.1 

6.9 

7.1 

6.1 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

3.4 

4.0 

4.3 

6.3 

6.3 

4-7 

3.7 

3-7 

4.3 

70 

7.0 

6.4 

6.7 

7.0 

5.7 

6.7 

6.0 

6.2 

5.7 

7.1 

8.9 

8.3 

8.1 

7.7 

These  results  are  exhibited  in  Figure  5. 
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ng  "fetigue"  to  mean  a  decrease  in  Tunctional  activity  as  defined 
14,  we  can  consider  both  the  progressive  error  and  the  mean  varia- 
a  the  preceding  experiments  to  be  phenomena  of  fatigue.    Although 


alia,   senal   number  of  e 
i,  number  of  p^^runs. 


the  actual  force  exerted  increased  as  the  eiTorts  were  repeated,  yet,  since 
they  were  intended  to  be  equal  to  the  first  one  (or  to  the  preceding 
ones),  they  became  steadily  less  accurate.  This  increasing  inaccuracy 
of  judgment  is  properly  a  phenomenon  of  fatigue.  Likewise  the  increas- 
ing uncertainty,  as  measured  by  the  mean  variation,  is  a  constantly  recur- 
ring phenomenon  of  fatigue. 


NEW  APPARATUS  AND  METHODS. 

BY 

E.  W.  Scripture. 

Those  pieces  of  apparatus  which  have  been  developed  for  purposes  of 
research  have  been  in  general  described  in  connection  with  the  investi- 
gations for  which  they  were  first  used.  There  remain  two  classes  of  ap- 
paratus for  special  description.  The  first  class  is  that  of  general  utility 
for  all  purposes;  the  second  that  for  demonstration  purposes.  Both 
classes  are  largely  the  effects  of  the  increased  numbers  of  students,  whereby 
it  becomes  necessary  to  provide  labor-saving  utility-pieces  and  practica- 
ble means  for  demonstrations  on  a  large  scale. 

Lamp  batteries. 

Long  experience  with  galvanic  and  storage  batteries  of  many  sorts 
made  it  evident  that  some  method  must  be  devised  by  which  the  city 
current  could  be  made  available  for  all  the  battery  work  of  the  laboratory. 
As  the  Yale  laboratory  is  supplied  with  the  no- volt  direct  current,  the 
problem  was  reduced  to  that  of  finding  a  method  of  readily  transforming 
it  at  any  point  in  the  building  to  a  current  of  lower  voltage. 

A  motor-dynamo,  or  motor-transformer,  was  considered.  This  ma- 
chine is  attached  to  the  supply  wires  at  any  point ;  two  wires  leading  from 
it  furnish  the  current  at  the  particular  voltage  for  which  the  machine  wis 
built.  It  is,  however,  quite  costly  and  also  inconveniently  heavy.  A 
laboratory  of  any  size  can  hardly  do  with  an  equipment  of  less  than  ten 
l)atteries ;  such  a  set  of  motor-dynamos  would  be  quite  beyond  the  reach 
of  most  institutions.  A  larger  motor-dynamo  might  be  used  to  distribute 
a  low- voltage  current  throughout  the  laboratory  by  a  special  set  of  wires. 
This  method  is  open  to  many  objections ;  it  need  not  be  considered  when 
the  laborator)'  receives  the  no-volt  direct  current,  as  the  lamp  batteries 
offer  a  better  solution.  When,  however,  an  alternating  current  or  one  of 
very  high  voltage  is  received,  the  proper  method  would  presumably  be  to 
transform  it  to  a  direct  one  of  25  volts  and  send  it  through  the  laboratory 
to  be  used  from  sockets  by  means  of  the  appropriate  lamp  batteries. 

It  was  suggested  by  Prof.  A.  Wright,  of  the  Physical  Laboratory,  that 
a  shunt  arrangement  might  be  made  by  means  of  lamps  in  such  a  manner 
as  to  yield  a  current  of  the  desired  amount  and  tension.     This  was  tried, 
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but  owing  to  the  lack  of  lamps  suitable  for  the  shunt,  a  coil  of  wire  was 
used.'  The  arrangement  was  fairly  successful,  but  was  finally  aban- 
doned, A  study  of  catalogues  of  incandescent  lamps  showed  that  the 
original  idea  was  a  possible  one ;  thus  the  lamp  battery  was  finally  de- 
veloped. 

The  principle  of  the  lamp  batterj-  may  be  explained  by  describing  the 
method  of  construction.  A  convenient  form  of  battery  is  made  as  fol- 
lows:  A  base-board  iox6  inches  (say  25  J^  '5  centimeters)  is  sawed  from 
a  iKMird  I  inch  (zj^  centimeters)  thick.  It  is  convenient  to  keep  a 
supply  of  such  bases  varnished  and  ready  for  use,  as  an  extra  battery  may  be 


^^^B 


required  at  any  time.  Three  lamp  sockets  (so-called  "wall  receptacles") 
a  snap  switch  and  two  binding-posts  are  then  screwed  to  the  board  in  the 
positions  indicated  in  Figure  6.  Socket  A  is  for  lamps  with  the  same 
base  as  that  used  on  the  regular  supply  circuit  for  lighting  the  building  ; 
sockets  B  and  Care  for  lamps  with  a  different  base.  For  example,  I  use 
the  T-H  base  for  A  and  the  Edison  base  for  B  and  C.  Thus  it  is  im- 
possible to  place  a  lamp  in  the  socket  not  intended  for  it.  The  battery 
is  wired  with  the  usual  silk-covered  lamp  cord,  the  ends  being  neatly 
tied  with  thread.  The  method  of  wiring  is  sufficiently  indicated  in  the 
figure.  A  supply  of  plug  wires  is  prepared.  What  I  call  a  "plug  wire," 
for  lack  of  a  better  term,  is  made  by  connecting  the  ends  of  an  ordinary 
I  St'KllTURE,  Some  new  apparaius.  Stud.  Vale  Ps^ch.  I^b.,  1S95  III  109. 
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lamp  cord  (6  feet,  or  2  meters)  to  a  socket  plug;  the  other  ends  uc 
scraped,  bound  with  thread  and  left  free. 

To  use  the  battery  a  plug  wire  is  inserted  in  any  lamp  socket  on  the 
supply  circuit.  The  free  ends  are  brought  to  the  binding-posts  JS  and  /. 
A  no-volt  lamp  of  the  required  amperage  is  placed  in  A.  Thus  for  an 
electric  fork  a  i -ampere  lamp  will  be  used,  for  a  spark  coil  a  4-amp^ 
lamp,  etc.  A  low  voltage  lamp  of  the  same  or  greater  amperage  than 
the  one  in  A  is  inserted  in  B.  Thus  for  the  electric  fork  the  lamp  must 
carry  at  least  i  ampere  in  order  to  correspond  with  the  lamp  in  A ;  it 
may  conveniently  be  of  10  volts.  For  the  spark  coil  a  lamp  of  8  volts  4 
amperes  would  be  suitable. 

A  plug  wire  is  now  placed  in  C,  and  the  switch  D  is  snapped  to  tuxn 
the  current  on.  At  the  ends  of  the  wires  from  the  plug  in  C  a  current 
can  now  be  drawn  whose  maximum  intensity  is  practically  the  same  as 
that  in  the  lamp  A  and  whose  tension  is  practically  the  same  as  that  at 
the  poles  of  the  lamp  B,  In  the  case  of  the  electric  fork  it  would  be  a 
current  of  10  volts  i  ampere;  for  the  spark  coil  it  would  be  8  volts 4 
amperes. 

The  lamp  battery  behaves  like  any  other  battery.  Increased  resistance 
in  the  external  current  decreases  the  intensity  of  the  current  delivered, 
etc.  For  circuits  of  great  resistance  a  lamp  of  higher  voltage  may  be 
used  in  B,  For  larger  currents  than  4  amperes  the  sockets  at  A  and  B 
are  doubled,  as  it  is  not  advisable  to  use  the  ordinary  socket  for  a  cur- 
rent of  more  than  4  amperes  on  a  no-volt  circuit.  « 

The  character  of  the  lamp  batteries  can  be  seen  from  the  following  tables. 


Table  I. 

Lamps  used  in  the  bai/enes. 

I^\r(;e  Lamps.  Small  Lamps. 

Mark                    v     ,    ^.                                         Mark  rr    j    «.r 

^„  T  „ ^                  Trade  >ame.                                 ,    _  Trade  Name. 

on  Lamp.  on  Lamp.  ••-««;. 

A         no  volts     100  c.  p.     4      amperes.              m  8  volts  4 

B         1 10  volts     100  c.  p.     3  ^^  amperes.               n  8  volts  4 

C         no  volts      64  c.  p.  08  volts  4 

1)        no  volts      32  c.  p.                                       p  12  volts  3 

E         no  volts       16  c.  p.                                         q  12  volts  2 

F        no  volts        Sep.                                     r  12  volts  i     ampere. 

s  12  volts  0.7  ampere. 

t  10  volts  I     ampere. 

u  6  volts  I     ampere. 

v  20  volts  i6     c.  p. 
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Results  a/variott!  eatnbinaHons  of  lamps. 

Lamps  used.  Am    An    Ao     Bm    Bn    Bo    Bv     Cm    Cn    Co    Cp    Cq     Cv 

Potential  in  volts.  957        756      37      4347       lo     15 

Max.  cur.  in  amp.        4.0    4.0    4.0    3.5    3.5     3.5    3.5    1.9    1.9    1.9    1.9     1.9    1.9 

I  jmps  used.  DpDqDrDtDuDvEqErEsEtEuETFsFv 

Polenlial  in  Tclts.       4         5       II       JO      5        15        35        74a        846 
Max.  cur.  in  amp.   I.o    l.o    l.o    1,0    l.o    \.o   0.5    0.5    0.5   0.5    O-S   0.5    0.3    0.3 

As  it  is  sometimes  desirable  to  distinguish  the  poles  of  the  battery,  the 
left  hand  wire  has  a  red  covering,  while  the  right  hand  wire  has  a  green 
one,  and  all  the  sockets  are  so  placed  that  the  central  contact  is  con- 
nected with  the  red  wire.  For  the  plug  wires  I  use  a  twisted  red  and 
green  cord,  with  the  red  cord  connected  to  the  central  contact.  All 
sockets  on  the  supply  wires  have  the  central  contact  connected  with  the 
positive  wire.     Thus  all  central  contacts  and  all  red  wires  are  positive. 


Some  of  the  lamp  batteries  are  wired  in  a  slightly  different  manner. 
The  purpose  of  the  new  wiring  is  to  render  it  possible  to  use  two  circuits 
in  parallel.  For  example,  to  run  a  Deprez  marker  with  a  loo  v.  d. 
electric  fork,  having  a  low  resistance  magnet,  the  fork  should  not  be 
placed  in  series  with  the  marker  as  the  current  running  through  the  fork 
would  be  greatly  reduced  by  the  high  resistance  of  the  marker.  The 
proper  way  is  to  run  the  wires  from  the  battery  to  the  marker  and  then 
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place  the  Tork  as  a  shunt  around  the  marker.  Every  time  the  fork  tnakn 
contact  the  current  pulls  the  prongs  but  is  shunted  from  the  marker  be- 
cause the  Tork  ofTers  so  much  less  resistance,  whereas  at  every  break  of 
contact  the  current  is  forced  through  the  marker.  Thus  a  large  current 
may  be  used  for  the  fork  and  a  small  one  for  the  marker.  This  tnethod 
of  connection  may  be  arranged  with  the  lamp  battery  just  as  with  other 
batteries,  but  a  further  improvement  may  be  made.  A  fourth  socket,  C, 
is  placed  in  series  with  the  socket  for  the  small  lamp,  as  shown  in  Figure 
7.  The  lamps  are  arranged  as  liefore  ;  the  plug  wire  from  C  is  connected 
with  the  fork  and  another  plug  wire  from  G  with  the  marker.  The  lot- 
tery runs  the  fork  as  usual.  Every  contact  of  the  fork  shunts  the  currCDl 
from  B  and  G ;  every  break  of  the  fork,  however,  forces  the  current  at 
a  tension  of  no  volts  through  the  marker.  The  advantage  of  this  atrange- 
ment  is  frequently  very  great.  This  form  of  battery  may  be  conveniently 
termed  the  "  extia  circuit  battery."  By  closing  6^  with  a  metal  plug  the 
battery  may  be  changed  to  the  same  system  as  Figure  6. 

To  save  time  and  space  I  mount  several  lamp  batteries  on  a  single 
Ixiard  and  fasten  it  on  the  wall  where  it  is  likely  to  be  used.  Figure  8 
shows  such  a  battery  board  placed  over  the  drum-table  in  the  time-room. 
The  switch  at  the  top  turns  off  the  current  completely  ;  the  socket  in  the 
middle  gives  direct  access  to  the  iio-volt  supply,  e.  g.,  for  running  a 
motor.  From  the  fuse  block  at  the  bottom  the  wires  divide  to  the  four 
batteries,  each  battery  having  its  separate  switch.  Two  of  the  batteries 
are  wired  by  the  method  shown  in  Figure  6.  The  first  and  third, 
counting  from  the  left,  are  wired  after  Figure  7  ;  the  plugs  for  closing 
the  extra  sockets  hang  at  the  sides 
when  not  in  use.  The  e.\tra  switch 
roduced  in  the  latter  batteries  eni- 
1  further  changes,  but  the  arrange- 
DO  complicated  for  ordinary 
use.  The  cost  of  a  lamp  battery  b 
much  less  than  that  of  a  correspond- 
ing galvanic  liattery  ;  the  expense  of 
it  on  the  city  circuit  is  tri- 
j,^,    „  Ring  :  the  only  renewals  are  those  of 

the  lamii  when  it  is  burned  out ;  a  new 
battery  can  be  made  in  ten  minutes  ;  the  saving  of  time  formerly  re- 
quired for  setting  up  or  replenishing  batteries  is  worthy  of  consideration. 

MVLTIl'l.K,  KKV. 

The  multiple  key  described  in  the  first  number  of  these  Studies  (pp. 
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10,  97)  has  undergone  further  improvement.  In  addition  to  changes 
in  execution  such  as  greater  lightness  of  the  parts  and  fineness  of  work 
manship,  the  following  important  alterations  have  been  made.  i.  An 
other  break  contact  has  been  added  to  the  rear  end  of  the  lower  lever 
thus  two  circuits  can  be  broken  simultaneously  by  pressure  on  the  key, 
with  or  without  closing  one  or  two  other  circuits  at  the  same  movement, 
This  double  break  is  not  only  very  useful  on  many  occasions,  but  is  some- 
times indispensable.  2.  The  point  which  dips  into  the  mercury  cup  has 
been  made  adjustable.      3.  The  main  contacts  are  independent ;  this  re- 
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quires  twelve  binding  posts.  4.  All  connections  are  made  on  lop  so 
as  to  be  directly  visible.  The  system  of  connection  can  be  seen  in 
Figure  19.  The  wire  from  the  further  post  on  th€  front  of  the  key  leads 
to  the  mercury  cup  which  is  hidden  by  the  third  post  from  the  left  in 
front  in  the  figure. 

In  this  connection  it  may  be  well  to  mention  that,  when  this  key  (or 
any  other  key)  is  used  with  the  spark  coil,  the  condenser  should  be  con- 
nected around  the  place  where  the  circuit  is  broken.  The  spark  coil 
should  have  a  separable  condenser.  When  a  coil  is  to  be  bought,  it 
may  be  ordered  to  be  built  in  three  separate  pieces ;  the  primary  coil, 
the  secondary  coil  and  the  condenser.  The  condenser  can  then  be  used 
anywhere.  The  independent  primary  is  useful  for  teaching  the  construc- 
tion and  use  of  the  spark  coil.  The  magnetic  interrupter  is  not  needed ; 
by  omitting  it  separable  the  form  of  the  spark  coil  becomes  cheaper  than 
the  usual  one. 

Adjustable  support  for  recording  instruments. 
For  the  convenient  adjustment  of  forks  and  markers  so  that  they  may 
write  properly  on  the  revolving  drum  I  have  devised  the  support  shown 
in  Figure  10. 
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The  horizonUl  rod  is  fastened  in  any  desired  position  to  the  upright 
rod  of  the  dnim-carriage  by  means  of  the  clamp  M  with  the  screws  A 
odAB.  The  horizontal  rod  7"  runs  through  the  hollow  rod/*.  Atitsend 
is  a  screw-thread  on  which  the  nut  F  is  placed.  The  nut  ^  is  so  adjusted 
that  the  hollow  rod  P  plays  freely  but  without  shake  around  the  hem- 
2ontal  rod.     The  jamb-screw  E  locks  ^in  position.     The  upper  ann  Q 


with  the  screw  iV  is  fast  to  the  horizontal  rod,  and  the  arm  0  to  the 
hollow  rod  P.     The  arm  O  is  held  against  the  screw  A'  by  a  spring. 

If  a  fork  is  to  be  used,  a  hole  is  bored  in  the  wooden  base  ;  it  ia  theo 
placed  on  S  and  screwed  tightly  down  by  means  of  S.  The  fork  is  then 
brought  into  rough  adjustment  and  fastened  by  /  on  the  rod  ^.  If  i 
marker  is  used,  it  is  placed  directly  on  P. 

The  finer  adjustment  is  done  by  the  screw  N  which  slowly  moves  die 
arm  O  and  lowers  or  raises  the  fork.  Pressure  of  the  finger  on  O  lifts 
the  recording  point  at  once  from  the  paper.  A  view  of  a  fork  applied 
to  the  drum  in  this  way  is  to  be  seen  in   my  New  Psychology,  Figure  6. 

The  clamp  3/"  may  be  of  brass  or  hard  rubber,  the  latter  being  neces- 
sary when  the  spark  method  is  used  in  combination  with  a  marker.  (See 
p.  117  below.) 

System  of  I'RojELTiON. 
Although  the  requirements  of  psychology  in  the  matter  of  projection 
are  in  some  respects  similar  to  those  of  other  sciences,  there  are  certain  im- 
portant peculiarities  that  must  be  borne  in  mind  in  providing  lanterns, 
screens,  etc.    For  single,  plain  slides,  the  e^juipment  may  be  the  usual  oae 
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with  an  ordinary  lantern,  and  for  projection  of  apparatus  the  open-work 
lantern  may  be  used  as  in  physics.  Yet  these  methods  leave  untouched 
the  subjects  of  color  and  binocular  vision,  which  are  specifically  psycholo- 
gical and  which  require  lantern-work  when  presented  to  large  classes. 

In  the  following  accouht  I  shall  describe  the  system  which  I  have  de- 
veloped at  Yale. 

Triple  lantern. — ^The  projection  in  colors  requires  a  triple  lantern  of 
special  construction.  For  stereoscopic  projection  two  of  the  parts  and 
for  plain  projection  one  or  two  or  three  parts  are  used. 

The  triple  lantern  which  we  possess  is  shown  in  Figure  11.  It  is  ar- 
ranged for  lime-light,  as  the  color  work  cannot  be  done  with  electric  or 
acetylene  light.  The  three  jets  are  packed  closely  into  one  lantem-body. 
The  three  condensers  are  as  close  together  as  possible.  Three  lenses  ex- 
actly alike  are  mounted  on  the  front  board.     The  jets  have  all  adjust- 


ments for  regulating  the  gas,  manipulating  the  lime,  etc.  Limes  turned 
in  the  lathe  are  used  in  order  not  to  disturb  the  focus  as  they  arc  rotated 
in  the  lantern.     Regulators  are  placed  on  the  cyhnders. 

To  mount  the  lantern  a  shelf  of  ij^  inch  (4  centimeters)  pine  is  built 
out  from  the  wait  and  rigidly  supported ;  every  precaution  is  taken 
to  prevent  warping.  A  plate  of  thick  wood  or  of  iron  is  then  prepared 
just  large  enough  to  form  a  base  for  the  lantern.     The  lantern  is  screwed 
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to  this  plate.  The  proper  position  for  the  lantern  is  found  :  the  plate  is 
made  perfectly  level  and  is  then  either  screwed  to  the  shelf  or  is  so 
marked  that  it  can  always  be  brought  readily  to  its  proper  position.  The 
screen  is  put  in  place  and  the  three  lenses  are  brought  into  perfect 
registration.  i 

Apparatus  lantern. — A  regular  open-work  lantern  may  be  used,  but  I 
find  it  preferable  to  build  one  in  the  following  way.  A  pine  board  four 
feet  (ii^  meter)  long  and  nine  inches  (23  centimeters)  wide  serves  as 
the  base.  Across  it  at  about  one  foot  (30  centimeters)  from  the  end 
there  is  an  upright  board  one  foot  (30  centimeters)  high  supported  on  a 
narrow  base.  An  opening  is  made  toward  the  top  of  this  board  to  admit 
the  condenser-lens.  The  projecting  lens  is  held  by  another  upright  board 
supported  on  a  base  and  not  attached  to  the  horizontal  board.  The  light, 
which  may  be  one  of  the  jets  from  the  triple  lantern,  is  held  by  a  rod  on 
a  free  metal  base  which  is  placed  at  the  desired  point  behind  the  con- 
denser. One  of  the  condensers  of  the  triple  lantern  may  be  readily  re- 
moved and  used  in  this  lantern.  The  projecting  lens  may  be  a  very  simple 
one.  The  large  open  base  and  the  free  adjustment  of  all  the  parts  make 
the  arrangement  of  apparatus  very  easy. 

Screens. -^Vflitrt  the  room  is  very  high,  it  is  desirable  to  have  the 
pictures  back  of  the  lecture  room  table.  In  this  case  only  one  screen 
would  be  needed ;  a  silvered  screen  of  the  appropriate  size.  *  When  the 
room  is  not  so  high,  the  silvered  screen  is  placed  on  rollers  just  above 
the  front  edge  of  the  experiment  table ;  for  projections  where  part  of  the 
apparatus  is  used  on  the  table  and  part  is  projected  by  the  lantern  an- 
other screen  is  used  back  of  the  table.  For  this  latter  screen  I  use  muslin 
sheeting  long  enough  to  reach  entirely  across  the  room.  It  is  supported 
by  rings  on  a  tightly  stretched  cord  and  is  readily  drawn  across  or  pulled 
back  by  other  cords.  The  use  of  so  wide  a  screen  enables  me  to  project 
two  views  simultaneously  side  by  side. 

The  silvered  screen  is  required  for  stereoscopic  work  by  polarized  light; 
moreover,  it  is  far  more  brilliant  than  any  white  screen. 

Single  views. — For  single  views  two  of  the  lanterns  of  the  triplet  may 
be  used  for  dissolving.  A  lantern  view  is  more  effective  than  a  chart  for 
various  reasons  :  it  is  not  exposed  until  it  is  wanted  ;  it  is  brilliantly  lighted 
while  all  else  is  dark  ;  it  must  be  strictly  attended  to  because  it  will  speedily 
disappear.  Views  of  apparatus  should  also  be  used  wherever  possible. 
The  actual  piece  of  apparatus  is  so  small  that  the  details  are  invisible  to 
distant  students  ;  a  lantern  view  of  the  whole  or  of  some  essential  part 
greatly  aids  the  understanding.  I  also  find  that  even  the  most  striking  and 
brilliant  instruments  rarely  command  the  same  attention  as  a  lantern  view. 
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Apparatus  views. — For  apparatus  projection  several  methods  may  be 
followed.  Whenever  possible,  I  place  as  much  of  the  apparatus  as  I  can 
in  full  view  on  the  experiment  table  ;  the  registering  part  is  then  placed 
in  the  apparatus  lantern  and  projected  to  one  side  of  the  screen  behind 
the  table,  while  the  recording  point  is  prolonged  so  as  to  write  on  a  smoked 
glass  plate  in  one  part  of  the  triple  lantern  which  projects  the  record  be- 
side the  view  of  the  recording  apparatus.  When  this  cannot  be  done, 
one  or  two  lanterns  may  be  used  as  desired. 

Stereoscopic  views. — For  stereoscopic  projection  two  methods  may  be 
used. 

By  the  color  method  sheets  of  red  and  green  gelatine  (for  lime  light)  or 
glass  (for  electric  light)  are  placed  before  the  condensers  of  two  of  the 
lanterns.  Small  squares  of  red  and  green  glass  are  held  before  the  left 
and  right  eyes  respectively.  The  gelatines  and  the  glasses  require  care- 
ful selection.     An  ordinary  white  screen  may  be  used. 

With  the  other  method  two  polarizers  are  placed  in  front  of  two  of  the 
lanterns  with  the  axes  of  polarization  at  right  angles.*  The  stereoscopic 
view-slides  are  projected  simultaneously  to  the  same  place.  Each  student 
receives  an  eye-glass  consisting  of  two  analyzers  with  axes  of  polarization 
at  right  angles  to  each  other.  The  views  are  thus  received  by  the  eyes 
separately  and  the  result  is  an  object  apparently  in  full  solidity.  The 
whole  subject  of  binocular  vision  lends  itself  to  treatment  by  this  method. 
Series  of  stereoscopic  slides  have  been  specially  prepared  for  this  purpose. 

Color  vinvs. — For  color  projection  three  colored  films,  red,  green,  and 
blue,  are  placed  in  the  triple  lantern.  I  have  devised  a  slide  which  shows 
on  the  screen  the  elementary  colors  singly  with  their  combinations  in 
pairs  and  in  triple.  Shades  are  shown  by  slowly  turning  the  light  down. 
The  various  hues  and  the  laws  of  combination  are  illustrated  by  varying 
the  intensities  of  the  jets.  The  properties  of  the  color  triangle  and  the 
color  pyramid  are  thus  illustrated.  When  the  laws  of  color  are  thor- 
oughly  impressed  by  this  method,  slides  of  concrete  objects  are  used  for 
study.  Thus  a  group  of  flowers,  Figure  12,  affords  an  illustration  of  the 
automatic  solution  of  color  equations.  The  matter  is  quite  complex,  but 
a  few  illustrations  will  serve  to  show  how  I  approach  the  subject.  Every 
color  is  the  sum  of  three  elements,  ox  i  =.  x  +  y  +  z.  Assume  for  these 
elements  the  three  colors  red,  green,  and  blue,  and  let  x'  indicate  the 
number  of  units  of  red,  y  of  green,  and  z  of  blue.  For  white  we  have 
equal  parts  of  the  three  elements,  or  x=.y=.z.  The  middle  stalk  of 
flowers  in  each  slide  allows  the  light  to  pass  fully  through  it,  as  can  be 

1  A  view  of  these  polarizers  adjusted  to  a  biunial  lantern  is  shown  in  Scripture,  New 
Psychology,  Fig.  1 13,  London,  1897. 
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seen  when  the  views  are  shown  singly.  When  all  three  are  projected  to- 
gether, it  will  receive  equal  illumination  from  each,  and  will  conseqtieotlr 
be  white.  The  stalk  on  the  led  in  the  R  slide  allows  the  red  light  to 
pass,  but  keeps  it  entirely  back  on  the  G 
and  B  slides,  consequently  we  )uve7==o 
and  2:=o8nd  t  =  x,-  that  is,  the  stalk  ap- 
pears red  in  the  final  picture.  In  this  man- 
ner the  greens,  blues,  yellows,  purples,  etc., 
with  their  various  hues,  tints,  and  shades 
may  be  worked  out. 

"  The  phenomena  of  color  blindness  can 
also  be  represented  with  the  tricolor  lantern. 
The  usual  theory  of  color  blindness,  accord 
ing  to  which  the  defect  arose  by  the  biluit 
of  one  of  the  three  fundamental  colors,  can 
be  illustrated  by  covering  up  one  of  the 
lenses.  For  red  blindness  the  red  lens  is 
covered,  and  the  resulting  picture  appears 
in  combinations  of  green  and  blue  ;  for  green 
blindness  the  green  lens  is  covered  and  for 
the  hypothetical  blue  blindness  the  blAe 
one  is  covered.  To  illustrate  the  newer 
theory,  the  blue  slide  is  left  unchanged,  but 
two  slides  are  made  for  red  and  two  for 
green.  For  the  dichromats  of  the  first  class 
— the  red-blue  persons — the  two  slides  taken 
through  the  red  ray  filter  are  placed  in  the 
red  and  green  lanterns.  Thus,  in  the  case 
of  the  gladiolus,  the  slide  R  is  thrown  on 
the  screen  in  red  light  from  one  lantern,  and 
also  in  green  light  from  the  second  lantern, 
while  the  B  slide  is  thrown  in  blue  as  usual. 
The  G  slide  is  not  used.  The  result  is  a 
picture  in  combinations  of  yellow  and  bltH'. 
For  the  other  dichromats — the  green-blue 
persons — the  G  slide  is  thrown  in  red  light, 
and  again  in  green  light,  while  the  blue  re- 
mains the  same.  I'he  R  slide  is  not  used. 
The  result  is  also  a  picture  in  combinatione 
of  yellow  and  blue,  but  each  particular  com- 
bination differs  from  that  in  the  previous 
Fig.  la.  l.. . 
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cases.     To  illustrate  monochromasy  one  lantern  alone  is  used,  the  color 
being  left  to  an  arbitrary  choice.  *  * 

The  method  also  furnishes  a  remarkable  analogy  to  the  decomposition 
of  the  colors  by  the  eye  into  three  fundamentals  and  their  mental  recom- 
position  into  sensations  of  color.  The  tricolor  views  are  taken  by  a 
camera  used  three  times  in  succession  with  a  differently  colored  screen 
each  time.  The  red  rays  impress  one  of  the  plates,  the  green  rays  the 
second  and  the  blue  rays  the  third.  The  three  negatives  differ  in  their 
shading.  Three  positives  are  made  which  differ  likewise,  as  in  Figure  12. 
The  three  positives  produce  views  appropriately  shaded  when  projected 
on  the  screen  by  the  colored  lights.  The  result  is  a  recomposition  in 
natural  colors.  The  approximation  to  the  original  colors  is  close  if  the 
slides  are  properly  made  and  manipulated. 

Slide  making. 

The  constant  use  of  lantern  views  for  instruction  renders  it  necessary 
to  provide  an  equipment  for  the  making  of  slides  at  a  minimum  expense 
of  time.  The  system  which  I  shall  describe  was  developed  expressly  for 
the  rapid  production  of  slides  for  class-room  work  and  of  photographs  for 
illustrating  books. 

The  photographic  section  of  the  Yale  laboratory  is  located  directly 
under  the  roof  and  receives  light  from  a  skylight.  For  work  at  night  the 
objects  to  be  photographed  may  be  illuminated  by  burning  pieces  of 
magnesium  tape.  This  luminant  is  used  instead  of  electric  light  or  lime 
light,  because  the  number  of  photographs  taken  at  night  has  been  too 
small  to  render  a  regular  installation  profitable. 

For  photographing  apparatus  a  table  on  rollers  is  provided.  White, 
gray  and  black  backgrounds  and  table  covers  are  provided  to  fit  on  the 
top  of  the  table.  A  cover  is  placed  on  the  table,  backgrounds  and  side- 
pieces  are  arranged  and  the  apparatus  is  placed  in  the  compartment  thus 
formed.  The  table  is  then  moved  until  the  appropriate  lighting  is  ob- 
tained. The  choice  of  white,  gray  or  black  for  the  walls  of  the  com- 
partment is  not  always  an  easy  matter  unless  one  has  had  considerable 
experience  with  the  reflecting  qualities  of  the  metals  ;  white  is,  however, 
generally  used.  The  strong  reflections  on  polished  metal  produce  sharp 
streaks  of  black  and  white.  I  find  it  generally  preferable  to  photograph 
nickeled  or  burnished  pieces  after  they  have  been  in  use  and  have  slightly 
lost  their  polish. 

For  reproducing  drawings,  photographs  and  pictures  in  books  the 
camera  is  mounted  on  a  heavy  block  moving  on  rails ;  it  may  be  raised, 
tipped  sidewise  or  rotated  at  will.     Loose  pictures  are  tacked  to  a  board 
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at  the  end  of  the  rails  ;•  books  are  placed  on  blocks  and  held  open  against 
the  board  by  a  rubber  band,  llie  adjustment  of  the  camera  can  be 
rapidly  performed. 

When  the  blocks  used  to  illustrate  books  are  at  hand,  slides  can  be 
printed  directly  from  them.*  It  is  best  to  have  the  work  done  by  the 
glass-printer  in  a  clock  factory.  The  metal  portion  of  the  cut  is  mounted 
on  a  board  of  a  thickness  suited  to  the  particular  frame  used  in  the  print- 
ing. It  is  inked  with  a  fine  ink  (e.  g.,  a  $2  cut  or  extra  job  ink),  tem- 
pered to  the  proper  consistency  with  Calcutta  boiled  oil  and  Japan  drier. 
The  precise  degree  of  temper  depends  on  temperature,  humidity,  and 
other  conditions.  The  inking  is  done  by  a  simple  hand  roller  of  the 
kind  used  in  ordinary  printing.  The  block  lies  face  upward  on  the  tabk 
and  the  piece  of  plain  glass  is  placed  at  the  appropriate  distance  on  a 
level  with  it.  A  composition  roller  of  glue  and  molasses,  made  a  trifle 
harder  than  the  regular  printer's  roller,  is  then  run  forward  on  two  guides. 
As  it  passes  over  the  block  it  takes  the  impression.  On  reaching  the 
glass,  after  one  complete  revolution,  it  transfers  the  ink  impression  di- 
rectly to  it.  I  do  not  think  it  possible  to  run  this  roller  evenly  enough 
without  the  guides ;  at  any  rate,  it  would  not  pay  to  waste  time  in  try- 
ing it. 

The  result  is  a  print  on  the  glass  just  as  if  on  paper.  Curiously  enough, 
the  prints  on  the  glass  are  superior  to  those  on  paper  from  the  same  block. 
The  positives  are  then  finished  up  as  lantern  slides  in  the  usual  way. 

'  ScRim-RE,   A  new  methoti  of  making  lantern  slides^   Scientific   American,    1895 
LXXIII  123. 
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Owing  to  the  newness  of  experimental  psychology  its  methods  of  in- 
struction are  still  matters  which  must  be  determined  by  trial.  Sanford  * 
has  developed  a  course  of  simple  laboratory  experiments,  but  otherwise 
the  problems  of  systematized  laboratory  instruction  remain  unsolved.  A 
very  important  problem  is  that  of  systematic  courses  in  psychological 
measurements.  Among  such  courses  there  must  be  an  elementary  one. 
As  the  results  of  my  experience  of  five  years  in  trying  to  develop  such  ' 
a  course  may  be  of  use,  I  will  illustrate  the  methods  employed  by  de- 
scribing some  of  the  exercises. 

The  aim  of  this  elementary  course  is  similar  to  that  of  the  elementary 
courses  in  chemistry  and  physics,  namely :  education  and  instruction  of 
the  general  student.  It  is  intended  to  be  part  of  the  regular  college  edu- 
cation; among  elective  courses  it  is  specially  chosen  by  students  intend- 
ing to  study  medicine  or  to  teach.  It  is  a  noteworthy  fact,  however, 
that  the  subject  matter  attract^  students  who  take  no  other  laboratory 
courses  of  any  kind. 

The  student  makes  his  own  text -book  with  the  aid  of:  i.  sets  of  mimeo- 
graphed instructions  which  are  given  out  at  each  exercise ;  2.  illustra- 
tions in  the  form  of  prints  from  blocks,  blue-prints,  tracings,  etc.;  3. 
references  for  applications  and  further  reading  to  some  psychological  work. 
The  following  are  copies  of  some  of  these  mimeograph-sheets  with  ex- 
planatory remarks.  The  "Preliminary  notes'*  are  given  out  with  the 
first  exercise.  The  first  few  exercises  are  of  moderate  difficulty,  but  they 
occupy  the  inexperienced  student  for  about  two  hours  each.  The  later 
exercises  are  adapted  to  the  increased  skill  of  the  student.  Since  the  ap- 
j)lications  and  the  bearings  of  the  exercises  can  be  made  evident  only  in 
a  general  course  on  experimental  psychology,  the  laboratory  course  is 
taken  only  in  connection  with  the  lecture  course.  Some  idea  of  the 
verbal  instruction  that  is  given  to  the  pupils  and  of  what  they  hear  and 
see  in  the  lecture  course  can  be  obtained  by  referring  to  my  New  Psy- 
chology by  means  of  the  topics  in  Xhe  index. 

The  following  exercises  are  selections  from  a  set  of  thirty  now  in  use. 

»  Sanford,  Laboratory  Course  in  Experimental  Psychology,  Boston,  1895. 
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Preliminary  notes. 

A.  Objects  of  the  r^wrj^.y— Practical  training  in  (i)  observation^  (2) 
manipulation,  (3)  computation,  (4)  deduction,  (5)  criticism.  Ele- 
mentary acquaintance  with  {a)  methods  of  experimentation,  (^)  methods 
of  measurement,  (r)  construction  and  use  of  apparatus,  (i/)  special 
psychological  methods.  Thorough  appreciation  of  the  three  fundamental 
properties  of  scientific  work:  (i)  accuracy,  (2)  brevity,  (3)  neatness. 

B.  Arrangement  of  the  class, — ^The  class  is  divided  into  groups  of  two 
persons  each.  Any  student  who  wishes  to  do  so  may  select  the  other 
member  of  his  own  group.  One  group  begins  with  Ex.  I.;  another 
with  Ex.  II.,  etc.  At  the  next  exercise  the  group  that  has  had  Ex.  I. 
takes  Ex.  II.;  the  one  that  has  had  Ex.  II.  takes  Ex.  III.;  etc.  At  each 
succeeding  exercise  a  group. takes  the  exercise  that  follows  in  numerical 
order. 

C.  Instructions  to  the  student, — ^Look  at  the  index  on  the  bulletin 
board  ;  opposite  the  number  of  the  exercise  for  the  day  you  will  find  the 
number  of  the  room  in  which  it  has  been  set  up.  On  the  table  bearing 
the  number  ot  your  exercise  you  will  find  ti^'o  sets  of  printed  instruc- 
tions, one  for  each  person.  Compare  your  set  with  another  set  marked  in 
red  "Corrected  Copy,"  and  make  any  changes  that  have  been  indi- 
cated in  red  ink.  You  will  also  find  all  the  apparatus  of  the  exercise 
called  for  under  **  Needed.**  It  is  set  up  ready  for  use.  Begin  by  read- 
ing the  first  paragraph  of  the  instructions  and  applying  it  to  the  appa- 
ratus.    Take  the  following  paragraphs  singly. 

After  carefiilly  studying  the  apparatus  and  its  connections  take  it  down 
and  set  it  up  again.  In  performing  the  experiments  one  person  serves  as 
experimenter,  the  other  as  subject.  The  places  are  then  exchanged  and 
the  experiments  are  repeated.  The  subject  is  to  know  nothing  about  the 
results  obtained  on  himself.  The  record  must  be  made  on  the  printed 
blanks.'  When  finished,  these  records  are  to  be  handed  to  the  instructor. 
They  will  be  marked,  the  mark  being  given  to  the  experimenter  (who 
has  prepared  the  record). 

The  fundamental  requirements  for  the  records  are  accuracy  and  neat- 
ness. See  that  you  understand  all  the  **  Points  to  be  noted."  If  not, 
consult  the  instructor.  Also  see  that  you  can  answer  the  '*  Questions." 
It  is  intended  in  many  cases  that  you  shall  get  the  answers  directly  from 
the  instructor.  The  student  will  be  held  responsible  on  all  these  points. 
At  the  end  of  the  exercise  place  all  apparatus  in  the  condition  in  which 
it  was  found.  Do  not  leave  until  the  instructor  has  inspected  and  ap- 
proved your  work.     When  the  whole  class  has  finished  an  exercise,  the 

1 A  specimen  blank  will  be  sent  to  any  one  who  will  ask  for  it. 
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final  results  for  each  student  will  be  placed  in  a  table  and  a  copy  of  the 
table  will  be  handed  to  the  student,  together  with  his  record.  This 
'*  summary  **  and  the  original  records  are  to  be  kept  by  the  student.  The 
examination  at  the  end  of  the  term  will  include  some  practical  work. 

General  instructions  for  computation. 

If  the  method  of  measuring  is  sufficiently  fine,  the  results  in  a  set  of 
measurements  will  differ  from  each  other.  The  average  of  these  is  the 
most  probable  value  of  the  quantity.  Let  the  results  of  a  set  of  n  meas- 
urements on  the  same  quantity  under  constant  conditions  be  w^,  w,, 
.  .  . ,  m^.     The  average  is 

///  +  w  +  . .  .  +  m^ 
n 

It  is  desirable  to  have  some  expression  of  the  uncertainty  of  the  result 
a,  and  this  is  given  by  the  *  *  probable  error.  *  *  The  probable  error  is 
that  error  which  is  as  likely  as  not  to  be  exceeded,  or,  if  r  be  the  prob- 
able error  of  a,  it  is  just  as  likely  that  the  true  value  of  the  quantity  lies 
between  a  —  r  and  a  +  r  as  that  it  lies  outside  those  limits.  Thus,  if 
the  average  be  written  adtz  r  the  probable  error  r  furnishes  an  index  of 
the  uncertainty  of  a ;  the  smaller  the  value  of  r,  the  greater  is  the  pre- 
cision of  the  average  a.  In  works  on  the  theory  of  errors  it  is  shown 
that  the  probable  error  r  is  given  by  the  expression 


S         «(«— i) 


+  vj 


in  which  v^,  ^j,  .  •  •  ,  ^„  are  the  residuals  found  by  subtracting  the  indi- 
vidual measures  from  the  average,  thus  Tj  =  a  —  Wj,  v^  =  a  —  ///,,  ...  , 


z'  =  ^  —  m  , 


As  an  example  let  there  be  ten  measurements  made  with  equal  pre- 
cision upon  a  single  quantity  giving  the  results  m^  =  10,  m^  :=  14,  etc. 
The  computation  is  as  follows : 


m 

V 

V* 

10 

1.2 

1.44 

14 

2.8 

7.84 

• 

16 

4.8 

2304 

8 

3-2 

10.24 

/0.91  =0.95 

14 

2.8 

7.84 

6 

5.2 

27.04 

12 

0.8 

0.64 

%X  0.95  =  0.63 

10 

1.2 

1.44 

12 

0.8 

0.64 

10 

1.2 

1.44 

a  —  ii.2io.6 

10)112 

9)81.60 

a—\\.2 

10)9.07 

0.91 
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Here  the  average  is  11.2  and  its  probable  error  is  0.6;  that  is,  it  is  as 
likely  that  the  true  value  lies  between  10.6  and  1 1.8  as  that  it  is  less  than 
10.6  or  greater  than  11. 8.  If  the  observations  had  been  such  as  to  have 
given  nas  ii.2ibo.9  the  average  11. 2  would  be  much  less  precise  than 
in  the  above  case.' 


Table  of  squares. 


I 

I 

21 

441 

t 

,  4» 

1681 

61 

3721 

81 

6561 

2 

4 

i   22 

484 

42 

1764 

1  62 

3844 

82 

6724 

3 

9 

1  *3 

529 

43 

1849 

.  63 

3969 

83 

6889  : 

4 

16 

24 

576 

44 

1936 

64 

4096 

84 

7056  , 

5 

25 

25 

625 

1  45 

1 

2025 

65 

4225 

85 

7225 

6 

36 

26 

676 

46 

2116 

66 

4356 

86 

7396  1 

7 

49 

27 

729 

47 

2209 

67 

4489 

87 

7569  I 

8 

64 

28 

784 

48 

2304 

68 

4624 

88 

7744 

9 

81 

29 

841 

1  49 

2401 

69 

4761 

89. 

7921 

10 

100 

30 

900 

■  50 

2500 

70 

4900 

90 

8100 

1 

1  II 

121 

31 

961 

i  51 

2601 

71 

5041 

91 

8281 
8464 

'1  12 

144 

32 

1024 

52 

2704 

72 

5184 

92 

1  '3 

169 

33 

1089 

53 

2809 

73 

5329 

93 

8649 
8836 

':  14 

196 

34 

1 156 

54 

2916 

74 

5476 

94 

15 

225 

35 

1225 

55 

3025 

75 

5625 

95 

9025  1 

16 

2q6 

36 

1296 

56 

3136 

76 

5776 

96 

9216  > 

17 

289 

37 

1369 

57 

3249 

77 

5929 

97 

9409  ' 

18 

324  1 

38 

1444 

58 

3364 

78 

6084 

98 

9604 

19 

361 

39 

1521 

59 

3461 

79 

6241 

99 

9801 

20 

400 

40 

1 

1600 

60 

3600 

80 

6400 

100 

loooo 

Exercise  I. — Threshold  of  touch. 

(Needed  :  touch -weights,  cross-section  paper,  flexible  ruler.) 

Apparatus. 
The  set  of  touch -weights  consists  of  small  cork  discs  weighing  from 
2'"*  upward;  they  are  attached  by  fine  threads  to  small  handles.'     The 
weights  are  marked  on  the  handles. 

Experiments. 

The  subject,  with  eyes  closed,  places  his  left  hand,  palm  upward,  on 
his  knee.  He  is  to  tell  when  he  feels  himself  touched.  The  experi- 
menter gives  the  warning  **  Ready  **  and,  about  2  to  5  sec.  later,  lowers 
the  lightest  disc  gently  till  it  touches  a  certain  spot  on  the  skin,  e.  g., 

^I  am  under  great  obligation  to  Professor  Mansfield  Merriraan  (author  of  *<A  Text* 
book  on  the  Method  of  Least  Squares  '* ),  of  Lehigh  University,  for  assistance  in 
ing  the  methods  of  computation. 

'  See  Fig.  57  of  Scripturk,  Thinking,  Feeling,  Doing. 
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the  tip  of  the  index  finger ;  the  disc  is  allowed  to  rest  on  the  skin  for 
about  i\  The  experiment  is  then  repeated  with  the  next  heavier  disc, 
and  then  with  the  other  discs  in  succession.  A  check  is  made  in  the  ap- 
propriate column  of  the  record  blank  for  each  disc  as  it  is  felt.  The 
whole  experiment  is  repeated  lo  times. 

After  the  whole  set  of  experiments  has  been  made  the  number  of  the 
first  disc  felt  in  each  experiment  is  recorded  in  the  column  headed  w„ 
and  the  number  of  the  disc  beyond  which  all  were  felt  in  the  column 
headed  m^.  The  average  is  calculated  for  each  set.  The  former  of  the 
two  averages  may  be  called  the  lower  threshold,  the  other  the  upper  one. 


Specimen  record. 


Title    of 

investigation.    Threshold 

of 

Apparatus,  Touch -weights. 

touch. 

Date, 

October  , 

5,  1896. 

Experimenter, 

T.  C. 

McGraw. 

Unit  of  measurement,  milligram. 

Experimented 

on,  \V 

'.  K.  Chisholm. 

Weight 

2 

468 

10 

12 

X4 

16 

18     20 

22    24 

26 

28 

30 

Exper.  No. 

I 

•              ■              • 

+ 

+ 

+• 

4- 

+     -f 

+    4- 

4- 

4- 

4- 

*  (         «( 

2 

• 

- 

• 

+ 

+ 

+     + 

4-    + 

4- 

4- 

4- 

ii         ( t 

3 

•              •              • 

• 

. 

• 

+ 

-1-    4- 

4-    4- 

4- 

4- 

4- 

<(         (( 

4 

•    •  + 

. 

•f 

+ 

■ 

+    4- 

4-    4- 

4- 

4- 

4- 

4i                           i. 

5 

■              •              • 

■ 

• 

+ 

+ 

+    4- 

+    4- 

4- 

1 

4- 

4«                         <{ 

6 

+  + 

+ 

+ 

+ 

+ 

4-    4- 

4-    4- 

4- 

4- 

4- 

it                         <t 

7 

•              •              » 

• 

+ 

+ 

-1- 

.     + 

.     4- 

+ 

4- 

4- 

«(                         (< 

8 

•              •              • 

+ 

• 

+ 

+ 

4-    4- 

4-    4- 

4- 

4- 

4- 

((                         li 

9 

•              *              • 

• 

-f 

+ 

+ 

4-    + 

4-    4- 

+ 

4- 

4- 

i   i                         (( 

10 

. 

-h 

+ 

• 

+ 

4-     • 

4-    4- 

4- 

4- 

4- 

Times  felt 

0 

012 

4 

6 

8 

9 

9      9 

9     10 

10 

10 

10 

w, 

"'1 

z;,« 

w, 

^t 

'j 

i 

lo 

1.2 

1.44 

10 

5.0 

25- 

cx> 

H 

2.8 

7.84 

14 

I.O 

I. 

i6 

4.8 

23.04 

16 

I.O 

I. 

8 

3-2 

10.24 

18 

30 

9- 

14 

2.8 

7.84 

14 

I.O 

I. 

6 

5.2 

27.04 

6 

9.0 

81. 

12 

0.8 

0.64 

24 

9.0 

81. 

10 

1.2 

1.44 

14 

I.O 

I. 

12 

0.8 

0.64 

12 

3.0 

9- 

10 
1 1. 2 

1.2 

1.44 
9)81.60 

- 

22 
i5~o 

7.0        49. 

9)252.00 

10)9.07 

IO)28.( 

no 

0.91 

2. 

80 

1 

/0.9I: 

=  0.95 

¥^2.80=1.67 

%Xo.95 

—  0.63 

%Xi 

.67  =  1.11 

«i 

=  ll.2dbo.6 

ij,= 

15.0 -»-  I.J 

k 

94 


E,  IV.  Scripture, 


Theoretical  considerations. 


1.00 
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There  is  evidently  a  relation  between  the  weight  of  the  disc  and  the 
number  of  times  it  is  felt.  Let  the  number  of  times  be  expressed  as  a 
fraction,  e.  g.,  a  percentage,  of  the  total  number  of  experiments,  and 
suppose  the  number  of  experiments  to  have  been  very  large  with  the  same 
results.  Let  this  fraction,  or  percentage,  be  expressed  in  the  form  of  a 
curve,  where  .r  denotes  the  weight  of  the  disc  and  y  denotes  the  relative 
frequency  with  which  it  was  felt.  The  curve  will  be  one  of  the  forms 
shown  in  the  accompanying  figure.  For  an  extremely  sensitive  person 
the  curve  will  be  very  steep,  like  that  to  the  left ;  for  persons  of  less 
sensitiveness  it  will  be  flatter. 

The  experimenter  is  to  plot  the  curve  for  his  own  record.  The  plot- 
ting is  done  on  cross-section  paper ;  this  is  paper  ruled  with  horizontal  and 
vertical  parallel  lines.  On  one  of  the  horizontal  lines  lay  off  the  scale  of 
weights  2,  4,  etc.,  with  any  convenient  distance  as  the  unit.  On  one  of 
the  vertical  lines  lay  off  a  scale  of  percentages  with  any  convenient  dis- 
tance as  the  unit.  For  each  weight  count  upward  above  its  place 
on  the  horizontal  axis  a  number  of  spaces  corresponding  to  its  per- 
centage;  the  ruling  of  the  paper  into  spaces  in  groups  of  5  and  10 
make  it  possible  to  do  this  rapidly.  Connect  each  dot  to  the  fol- 
lowing one  by  a  straight  line.  The  fluctuations  of  this  line  are 
due  to  irregularities  in  the  experimenting  and  to  the  smallness  of 
the  number  of  experiments.  The  true  relation  of  percentage  to  weight 
will  be  more  closely  indicated  by  a  smooth  line,  which  can  either 
be  drawn  by  the  free  hand  or  by  adjusting  a   flexible  ruler  so  as  to 
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pass  smoothly  among  the  dots.  Owing  to  the  fact  that  the  number  of 
experiments  was  only  10  instead  of  an  infinite  number,  the  actual  curve 
will  differ  from  the  theoretical  one ;  with  100  or  1000  experiments  it 
would  approach  the  theoretical  one  more  closely. 

To  compare  the  degrees  of  sensitiveness  of  different  persons,  two 
(piantities  can  be  used  :  either  the  disc  that  corresponds  to  a  certain  per- 
centage, say  75%,  or  the  percentage  for  a  certain  disc.  To  use  either 
effectively  a  large  number  of  experiments  would  be  required  ;  the  calcu- 
lation of  the  average  of  the  two  thresholds  as  found  above  gives  a  suffi- 
ciently accurate  figure.  It  is  evident  that  the  higher  the  threshold  the  lower 
the  sensitiveness  ;  in  fact,  probably  the  only  proper  definition  of  **  sensi- 
tiveness'* is  **the  reciprocal  of  the  threshold.**  **  Reciprocal  **  of  a 
cjiiantity  means  i  divided  by  that  quantity.  Thus,  if  two  persons  have 
thresholds  of  a*  and  a**  respectively,  their  degrees  of  sensitiveness  will  be 
\  la'  and  i/a". 

Points  to  be  noted, 

I .  Note  that  the  uncertainty  of  the  threshold  is  indicated  by  the  size 
of  the  probable  error.  2.  In  the  curves  given  in  the  figure,  y  is  said  to 
be  a  function  of  x.  This  is  expressed  by^=/(j:).  The  particular 
curves  assumed  in  the  figure  are  taken  from  the  science  of  probabilities. 

Questions. 

I.   How  would  you  define  **  threshold  **  so  as  to  fit  all  kinds  of  sensa- 
tions?    2.  What  are  presumably  some  of  the  mental  conditions  of  the  * 
subject  that  contribute  to  his  probable  error? 

Exercise  II. — Skin  space. 

(Needed:  two  aesthesiometers,  millimeter  scale. ) 

Apparatus. 

In  its  simplest  form  the  aesthesiometer  is  a  pair  of  dividers  with  blunt 
I)oints.  The  points  are  made  of  hard  rubber,  in  order  to  eliminate  sen- 
sations of  temperature. 

Experiments. 

A.  Open  the  aesthesiometer  several  centimeters.  Touch  the  two  points 
simultaneously  to  the  cheek  in  a  vertical  direction ;  they  will  be  felt  as 
two.  Repeat  the  experiment,  reducing  the  distance  between  the  points 
each  time.  To  maintain  the  unprejudiced  condition  of  the  subject,  in- 
sert occasional  experiments  with  only  one  point  touched  to  the  skin.  The 
subject  is  to  state  each  time  whether  he  feels  one  point  or  two.     Con- 
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tinue  the  experiments  till  a  mistake  is  made  in  feeling  two  points  as  one. 
Now  apply  the  aesthesiometer  to  the  scale  and  record  the  distance  be- 
tween the  points.  Repeat  the  measurement  ten  times.  Find  the  average 
and  average  variation. 

B,  Repeat  the  exp>eriments  of  A  on  the  back  of  the  neck  in  a  vertical 
direction. 

C  Adjust  one  aesthesiometer  to  30"""  as  a  standard.  Apply  it  for  a 
moment  to  the  cheek  of  the  subject.  Adjust  the  other  aesthesiometer  to 
an  arbitrary  distance.  Apply  it  likewise  to  the  cheek.  The  subject  is 
to  say  whether  the  second  distance  was  greater  or  less  than  double  the 
first.  According  to  the  answer  adjust  the  second  aesthesiometer  differ- 
ently and  repeat  the  experiment.  Proceed  as  in  ^,  the  first  aesthesiom- 
eter being  kept  at  the  constant  distance  of  30°^  and  the  second  l)eing 
gradually  changed  till  a  judgment  of  ''equal  to  double  the  first  "  is  ob- 
tained.   Take  ten  records. 


Specimen  record. 

A 

B 

C 

m 

V 

lA 

m 

V 

lA 

m 

V 

v« 

23 

0.8 

0.64 

31 

4.3 

18.49 

41 

2.6 

6.76 

21 

2.8 

7.84 

32 

3-3 

10.89 

39 

4.6 

21.16 

25 

1.2 

1.44 

30 

5.3 

28.09 

40 

3.6 

12.96 

23 

0.8 

0.64 

40 

4.7 

22.09 

45 

2.4 

5.76 

26 

2.2 

4.84 

45 

9.7 

94.09 

48 

4.4 

19.36 

21 

2.8 

7.84 

38 

2.7 

7.29 

45 

1.4 

1.96 

27 

3-2 

10.24 

31 

4.3 

18.49 

40 

3.6 

12.96 

26 

2.2 

4.84 

31 

4.3 

18.49 

49 

5.4 

29.16 

23 

0.8 

0.64 

41 

5-7 

32.49 

51 

7.4 

54.76 

23 

0.8 

0.64 

34 

1.3 

1.69 

38 

5.6 

31.46 

23.8 

9)39.60 

35.3 

9)252.10 

43^6 

9)196.20 

10)4.40 

10)28.01 

10 

)2i.8o 

0.44 

2.80 

2.18 

v'o. 

44  =  0.66 

V2 

.80—1 

.67 

V2 

.18=1 

[.48 

?iX 

0.66  = 

=  0.44 

^/iX  16.73  = 

I. II 

fix 

1.48  = 

:0.99 

a  = 

23.8  -t-  0.4 

a  = 

35- 3  i 

I.I 

a  = 

43.6  ifc 

i.o 

Points  to  he  noted. 

I.  Note  that  the  results  depend  somewhat  on  the  skillfulnessof  the  ex- 
perimenter. 2.  Note  that  psychologically  double  does  not  necessarily 
correspond  to  absolutely  double. 

Questions. 

I.  What  improvements  would  you  suggest  in  the  apparatus  and  the 
method  of  experimenting?  2.  How  would  you  express  the  relation  be- 
tween space  on  the  cheek  and  space  on  the  neck  in  your  experiments  ? 
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Exercise  III. — Arm -space. 

(Needed  :  arm-space  board,  cross-section  paper.) 

Apparatus. 

In  the  arm -space  board  ^  a  wooden  scale  carries  along  its  upper  edge  a 
small  glass  rod.  At  the  zero  point  in  the  middle  there  is  a  fixed  metal 
plate.  On  each  side  there  is  a  movable  slide  carrying  an  adjustable 
pointer.     Before  the  experiments  the  pointers  are  pushed  forward  as  far 

as  possible. 

Experiments. 

A.  The  apparatus  is  placed  on  a  table  with  the  scale  away  from  the 
subject.  The  subject,  seated  with  eyes  closed  or  covered,  places  his 
forefingers  against  the  zero-plate,  one  on  each  side. 

B.  The  experimenter  moves  up  the  two  slides  to  the  fingers  till  they 
press  gently.  The  pointers  strike  the  zero-plate  and  are  pushed  back 
automatically.  This  eliminates  the  errors  due  to  the  width  of  the  finger, 
as  all  readings  are  to  be  taken  from  the  end  of  the  pointer. 

C.  The  subject  places  himself  directly  in  front  of  the  zero-mark  and 
closes  his  eyes.  The  experimenter  places  the  left-hand  (referring  to  the 
subject)  slide  at  a  certain  distance  dy  The  right-hand  slide  is  moved 
out  of  the  way.  The  subject  moves  his  left  fore-finger  evenly  outward  till 
it  strikes  the  slide,  and  then  returns  it  to  zero.  The  experimenter  quietly 
moves  the  slide  out  of  the  way,  and  the  subject  then  moves  his  finger 
again  till  it  seems  to  be  in  the  same  place  as  before.  The  experimenter 
now  moves  the  slide  up 'till  it  touches  the  finger  and  reads  the  record  at  the 
end  of  the  pointer.  The  tenths  of  a  centimeter  are  estimated  by  the  eye. 
The  result  in  millimeters  is  placed  in  the  column  m^  of  the  record  blank. 

Some  other  distance  d^  is  now  chosen  and  the  experiment  is  repeated, 
giving  a  result  m^.  Likewise  d^y  d^  and  d^  are  used.  The  five  distances 
are  chosen  as  follows:  100,  200,  300,  400,  500  millimeters.  The  ex- 
periments are  performed  in  this  order :  from  d^  to  z/^,  from  d^  to  d^y 
from  d,^  to  d^,  from  d^  to  d^.  Eight  complete  sets  are  made,  giving 
eight  records  for  each  distance.  Find  the  averages  and  probable  errors. 
Denote  the  averages  by  aj,  j,,  . .  .  ,  a^.  The  difference  between 
the  given  distance  and  the  average  result  for  that  distance  is  the 
constant  error  of  the  estimate.  There  are  thus  five  constant  errors, 
c^-=  a^  —  d^j  c^^=^  a^^  d^y  •  •  •  >  ^5  =  ^5  ~  ^5-  ^^^  constant  error 
expresses  the  average  inaccuracy  in  reproducing  the  given  distance.  The 
probable  error  expresses  the  irregularity.  Both  these  quantities  depend 
on  the  values  of  d, 

1  New  Psychology,  Fig.  44. 
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To  make  plain  the  laws  of  dependence,  the  results  are  to  be  expressed 
in  two  curves  ^=s/(jc)  and  Y=^  F  (jc)  where  Jf  =//j,  ^,>  •  •  .  ,  i/^  and 
y  and  Y  are  the  constant  errors  and  the  probable  errors.  To  draw 
these  curves  a  certain  distance  is  selected  on  the  cross-section  paper  to 
represent  d^,  and  the  points  //„  //,,...,  ^/^  are  laid  off  on  the  hori- 
zontal axis.  Any  convenient  distance  is  chosen  for  ^  =  i  and  the  ordi- 
nates  for^'j,  y^,  .  .  .  are  erected.  On  joining  the  tops  of  these  ordinates 
by  a  line  the  curve  of  results  is  indicated.     The  relation  of  Kj,   I^,  .  .  . , 


y,  to  d,,  //,, 


y  d^  is  indicated  in  a  similar  manner. 


^j=I0O 


d,= 


Specimen  record.^ 
200  d^  =  300 


^^  =  400 


^4=500 


Wl 

-^1' 

///, 

V  2 

»h 

^S^ 

w. 

V 

m^ 

t's' 

105 

79.21 

193 

6.25 

267 

334.89 

355 

723.61 

454 

1253.16 

116 

26.01 

197 

2.25 

281 

18.49 

381 

0.81 

494 

21.16 

ZIO 

0.81 

189 

42.25 

297 

136.89 

399 

292.41 

473 

268.96 

107 

15.21 

201 

3025 

285 

0.09 

398 

259.21 

505 

243-3^ 

X08 

8.41 

195 

0.25 

280 

28.09 

371 

1 18. 81 

4S7 

5.76 

"5 

16.81 

195 

0.25 

269 

265.69 

393 

123.21 

500 

112.36 

114 

9.61 

196 

0.25 

305 

388.09 

408 

681.21 

507 

309-7^ 

ZI2 

1. 21 

197 

2.25 

298 

161.29 

350 

IOI7.6I 

495 

31.36 

8)887  7)157.288)1564  7)84.008)2282  7)1333.528)3055  7)3216.88  1 

S)39I5  7)2245.88 

iia9 

8)22.47 

195.5  8)12.00 

285.3 

8)190.39 

381.0 

8)459. 5S 

489.4 

«)320A 

2.81 

1.50 

23.79 

57.44 

40;.II 

^  The  student  need  not  record  the  residuals  v  but  should  at  once  write  the  squaKs  lA 
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/2.8i  =  i.68 
2^X1.68  =  1.12 

^,  =  110.9  :+!  II 

'!  =  +  IO-9 
r,  =  I .  I 


1/1.50=  1.22 
f/^X  1.22  =  0.81 
dr2  =  195.5  ±0.8 

r,  =  0.8 


•  23.79  =  4.88 

%x  4.88 =3.25 

^5  =  285.3^3.3 
'■3  =  — 14.7 

'•3  =  3.3 


1-^57.44=7.58 

^iX  7.58  =  5.05 

^^  =  381.9435.1 
^^  =  —  18. 1 
r,  =  5.l 

For  </=  100,  ^  =  -}-  II 

d=200,  €■=  —  7 

*/=30o,  f=— 15 

^/=400,  f  =  — 18 

d=$cx>,  c  =  —  II 


V40.ii  =  6.33 

MX6. 33  =  4.22 
«3  =  489.4  ±4.2 
^j  =  — 10.6 
'•5  =  4.2 

r  =  F{d) 

For  </=ioo,  r=i.i 

^=200,  r  =  o.8 

</=300,  r=3.3 

^=400,  r=5.I 

^=500,  r  =  4.2 


Points  to  be  noted, 

I .  The  method  of  getting  tenths  by  the  eye  is  in  this  case  convenient 
and  accurate.     2.  Automatic  elimination  of  a  constant  error  (width  of 
the  finger)  from  the  readings.     3.   Equalizing  the  influences  of  fatigue, 
I)ractice   and   other  j)rogressive   errors  by  changing   systematically   the 
order  of  the  experiments. 

Questions, 

I.  If  the  probable  errors  were  directly  proportional  to  the  values  of 
//,  what  form  would  the  curve  take?  2.  What  would  a  recorded  constant 
error  or  a  probable  error  of  o  mean  ? 


Exercise  IV. — Memory. 

( Needed  :  two  sets  of  geometric  figures,  two  bands  of  syllables,  two  bands  of  colors, 
revolving  cylinder,  screen  and  metronome. ) 

Apparatus, 

The  metronome  is  a  convenient  pendulum  arrangement  for  marking 
off  intervals  of  time  when  great  accuracy  is  not  required.  The  clock- 
work is  wound  by  the  screw  at  the  side ;  the  cover  is  removed  from  the 
front ;  the  pendulum  is  released  and  the  weight  is  set  at  sixty.  When 
started,  the  metronome  will  mark  off  seconds. 

The  two  cards  for  the  experiments  with  figures  are  in  separate  envelopes, 
one  for  each  subject.  The  experimenter  takes  the  envelope  containing 
the  card  which  he  is  to  use  on  the  other  person  as  subject.  The  subject 
must  not  see  beforehand  the  card  that  is  to  be  used  on  him. 
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The  revolving  cylinder  is  moved  by  clockwork,  which  is  kept  wound 
by  the  appropriate  key.  It  is  started  by  releasing  the  brake.  It  revolves 
once  in  lo  seconds.^ 

One  band  of  syllables  and  one  band  of  colors  will  be  found  in  each 
envelop>e  with  the  card  mentioned  above. 

A  screen  is  placed  before  the  cylinder  so  that  only  one  syllable  or  color 
is  seen  at  a  time. 

Experiments, 

A,  A  pad  of  blank  paper  is  placed  before  the  subject.  The  experi- 
menter holds  the  card  with  figures  and  at  a  beat  of  the  metronome  he 
shows  it  to  the  subject,  counting  o,  i,  ...  ,  lo  and  turning  down  the 
card  at  lo.  The  subject  immediately  tries  to  reproduce  on  the  blank 
paper  all  the  figures  he  saw.  The  paper  is  numbered  and  handed  to 
the  experimenter.  The  card  is  again  shown  for  lo  seconds  and  the  sub- 
ject  again  tries  to  reproduce  the  figures.  This  is  repeated  until  all  are 
reproduced  correctly,  unless  success  is  not  reached  before  the  1 5th  trial, 
at  which  point  fatigue  generally  begins.  A  record  is  made  of  how  many 
were  reproduced  correctly  in  shape  and  arrangement  on  each  trial. 

B,  The  band  of  syllables  is  slipped  on  the  cylinder.  When  it  is  set 
going  it  exposes  one  syllable  per  second  through  the  screen.  During  the 
first  revolution  the  subject  calls  off  each  syllable  as  he  sees  it  ;  thereafter 
he  tries  to  call  off  each  syllable  just  before  it  appears,  correcting  himself  if 
wrong.  The  experimenter  notes  the  number  of  revolutions  performed 
by  the  drum.  This  is  continued  until  all  are  called  off  directly  or  until 
the  20th  revolution.     The  number  of  revolutions  is  recorded. 

C  The  band  of  syllables  is  replaced  by  the  band  of  colors  and  the 
experiment  is  repeated.  The  subject  notes  and  recalls  the  colors  as  much 
as  possible  by  visual  memory  and  does  not  attempt  to  name  them. 

Points  to  be  noted, 

I.  Difficulty  of  remembering  without  making  external  associations. 
2.  The  prominence  of  motor  and  auditory  elements  in  B  and  C 

Questions, 

I.  What  would  be  some  of  the  problems  of  memory  that  might  be  an- 
swered by  the  experiments  with  syllables?  2.  What  sources  of  inac- 
curacy do  you  notice  in  the  methods  of  experimenting  ? 


\Iii  case  the  kymograph  is  used,  it  is  properly  adjusted  by  the  instructor  beforehand. 
The  study  of  the  kymograph,  which  is  too  difiicult  for  the  student  at  this  point,  is  broagbt 
forward  in  Exercise  VIII. 
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Exercise  V. — Illusion  of  length. 

(Needed  :  illusion  board,  millimeter  measure.) 

Apparatus, 

The  illusion  board  is  made  as  follows.  A  strip  of  celluloid  is  tacked 
at  the  comers  to  a  board  i  foot  x  9  inches  (30*"  X  23"°)  large.  The 
opening  A  BCD  is  cut  in  it.  Six  celluloid  strips  are  prepared,  such  that 
they  can  be  slipped  under  the  left-hand  edge  of  larger  sheet  and  appear 
in  the  opening  with  one  edge  crossing  at  the  middle  PQ.     Six  some- 


Fic.  15. 

what  longer  slips  are  prepared,  3uch  that  they  can  be  slipped  under  the 
right-hand  edge  and  extended  past  the  middle  under  the  shorter  slips. 
The  shorter  slips  bear  diagrams  of  the  kind  shown  to  the  left  in  Figure 
16  ;  the  longer  ones  bear  diagrams  of  the  kind  shown  to  the  right.  Six 
pairs  of  slips  are  used  with  diagrams  of  the  forms  indicated  in  the  follow- 
ing list ;  the  slant  lines  are  called  *'  angle  lines.** 

Mark  on  the  card  a  b  c  d  t  f 

Length  of  angle-line,  in  millimeters  30  30  30  15  30        60 

Angle  between  angle-line  and  horizontal         15®         30®         60°         30®         30®      30® 

The  length  of  the  constant  horizontal  line  is  not  to  be  measured  until 
all  experiments  are  completed. 

Experiments, 

A^,  The  slips  marked  a  are  inserted  in  the  manner  described.  The 
subject  holds  the  board  directly  in  front  perpendicularly  to  the  line  of 
vision  at  the  ordinary  reading  distance.  He  moves  the  longer  slip  until 
the  two  parts  of  the  horizontal  line  appear  equal.     He  then  hands  the 


I02 
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c,. 

Slips  c 

c. 

*'      c 

A- 

'*      d 

D,- 

**      // 

K- 

**      e 

E, 

*'      e 

J^r- 

''     f 

^r 

''     f 

board  to  the  experimenter,  who  measures  Ny  records  the  result,  pulls  the 
longer  slip  out  slightly  and  hands  the  board  back. 

A^,  The  experiment  is  repeated  with  N  on  the  left-hand  side. 
B^,  The  slips  marked  b  are  used  as  in  A^, 
B^,  As  in  B^  with  N  to  the  left. 

JVto  right. 
'*  **  left. 
'«  **  right. 
*'  *'  left. 
•'  *'  right. 
*'  "  left. 
**  **  right. 
*'  '*  left. 

Each  record  is  made  in  a  separate  column  on  the  blanks.  The  experi- 
ments are  performed  four  times  in  the  following  order :  i.  A^  to  F,  (« 
in  the  list  above)  ;  2.  F^\.o  A^)  3.  F^Xo  A^)  4.  -^^  to  .iFJ. 

Computation, 

1.  Find  the  average  for  each  column,  writing  the  results  in  whcde 
numbers. 

2.  Find  the  averages  for  A^  B^  etc.,  thus: 

2  2 

3.  Measure  M. 

4.  Find  Ij^^  A  ^  M,  1^=^  B ^  M,  etc.  Do  not  disregard  the  sign. 
The  results  /^,  /^,  /<;  give  the  amount  of  the  illusion  as  a  function  of  the 
angle,  or  /=/(^).  The  results  /^,  /^  Ip  give  the  amount  of  the 
illusion  as  a  function  of  the  length  of  the  end  lines,  /=  F(^S), 

Points  to  be  noted. 

I.  Notice  carefully  the  system  on  which  the  experiments  are  arranged, 
in  order  to  equalize  the  effects  of  progressive  errors.  2.  Notice  that  an 
orderly  arrangement  of  the  slips  on  the  table  and  an  appropriate  routine 
in  performing  the  experiments  are  conducive  to  the  saving  of  time. 


> Results  for 

13  students 

in  1896 

were  as  follows : 

Subject. 

A 

B 

C 

D 

F 

G 

H 

I 

J 

0 

P 

Q 

S 

A 

90 

95 

83 

84 

71 

81 

84 

81 

81 

92 

90 

88 

82 

B 

97 

99 

83 

84 

75 

83 

86 

86 

85 

93 

93 

88 

86 

C 

97 

100 

90 

85 

79 

87 

90 

92 

88 

96 

92 

1 

90 

«3 

D 

96 

100 

84 

88 

78 

86 

90 

87 

85 

96 

95 

92 

«S 

E 

96 

98 

79 

80 

75 

85 

87 

82 

83 

92 

9a 

86 

80 

F 

97 

96 

80 

82 

69 

84 

86 

82 

84 

90 

92 

89 

80 
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Questions, 

I.  What  are  ''progressive  errors?**  Mention  some.  2.  Why  not 
omit  the  experiments  under  E^  and  E^  and  substitute  in  I^szf(^S)  the 
values  from  B^  and  -^^  ?  3.  How  would  you  compute  the  results  in  order 
to  determine  the  difference  in  the  illusion  between  Nto  the  right  and  iV 
to  the  left  ? 

Exercise  VI. — ^Threshold  of  intensity  for  sound. 

(Needed  :  differential  audiometer^  telephone,  battery  of  i  A,  i.  e.,  of  I  ampere.) 

Apparatus} 

The  audiometer  comprises  two  primary  coils  at  the  ends  of  a  base  and 
a  movable  secondary  coil  in  the  middle.  The  wires  from  the  battery  are 
brought  to  the  binding  posts  at  one  end  of  the  apparatus.  The  current 
passes  around  the  one  primary  coil  clockwise  and  then  around  the  other 
counter-clockwise.  When  this  current  is  broken  by  the  key  at  the  other 
end  of  the  apparatus,  a  momentary  current  is  aroused  by  each  primary 
coil  in  the  secondary  coil. 

The  telephone  is  connected  with  the  secondary  coil.  Place  the 
secondary  coil  close  to  one  of  the  primaries ;  hold  the  telephone  to  the 
ear  and,  gently  moving  the  key,  note  that  the  induced  current  produces 
a  sound.     Repeat  with  the  secondary  close  to  the  other  primary. 

Since  the  primaries  are  wound  in  opposite  directions  the  induced  cur- 
rents must  be  in  opposite  directions.  Consequently  the  sound  dimin- 
ishes from  its  maximum  loudness  at  either  end  to  zero  at  the  middle. 

Experiments. 

A.  The  secondary  coil  is  placed  sufficiently  near  the  primary  to  give 
a  distinctly  audible  sound.  The  subject  holds  the  telephone  to  the  right 
ear  and  closes  the  left  with  the  finger.  He  sits  with  his  back  to  the  ap- 
paratus. 

The  experimenter  repeatedly  interrupts  the  current  by  slightly  moving 
the  key.  The  subjects  responds  whenever  he  hears  the  click  in  the  tele- 
phone. The  secondary  coil  is  slowly  moved  toward  the  middle  until  the 
subject  first  loses  the  sound.  The  sound  can  be  regained  frequently  after 
it  has  been  lost,  but  this  is  disregarded.  The  graduation  is  in  millimeters. 

B.  The  secondary  coil  is  started  at  the  middle  and  moved  till  the  sub- 
ject  first  hears  the  sound. 

The  left  ear  is  tested  in  like  manner. 

1  A  brief  description  of  the  simplest  form  of  the  lamp  battery  (see  p.  77  )  is  given  at 
this  point ;  the  extra-circuit  battery  appears  in  Ex.  XV. 
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Computation, 

Find  the  averages  for  A  and  B  for  a  set  of  four  experiments  alternated 
so  as  to  equalize  progressive  errors. 

Find  the  general  average ;  denote  it  by  /. 

These  values  represent  the  faintest  perceptible  sound,  or  the  threshold, 
under  the  particular  conditions  of  the  experiment/ 

If  the  average  value  for  normal  individuals  is  7)  then  the  subject's  rela- 
tive deafness  can  be  stated  zsd^  ^  or     his    sharpness  of    hearing  as 

^B      as  -  .    With  this  particular  apparatus  and  i  ampere  of  current, 
T^  200  ■■. 

Points  to  he  f  toted, 

I.  The  scale  is  a  purely  arbitrary  one.  2.  The  sound  is  very  little  in- 
fluenced by  any  changes  in  the  current. 

Questions, 

I.  How  would  you  define '*  sensitiveness  to  sound?**  (See  Ex.  I).  2. 
What  sources  of  error  are  possibly  present  ? 

Exercise  VII. — Dynamometrv  of  voluntary  action. 

( Needed  :  finger  dynamometer,  piston  recorder,  rubber  tube,  air  valve,  simple  reconi- 
ing  drum,  smoking  and  varnishing  arrangements,  screw-vise. ) 

Apparatus, 

a.    The  dynamometer}     This  consists  essentially  of  two  spring-steel 
rods,  rigidly  fastened  in  a  base  block.     These  rods  can  be  deflected  in- 
■  ward  by  pressure  on  two  small  knobs.     The  extent  of  the  deflection  is 
indicated  on  a  scale  at  the  ends.     This  scale  has  been  graduated  by  ac- 
tual trial ;  the  unit  is  the  kilogram. 

^The  following  results  were  obtained  from  16  students  in  1896 ;  the  unit  is  the  centi- 
meter. 
Subject.       A    B    D    E    F    H     I      J     K    L    M     O     T     Q     R      S  Avenge. 
f.<4    22   17   21    17   25    27    17    18    26    16    44    26    12    12    II     13        20 

*^   t  -^   19  27  27  23  25  29  19  23  25  18  36  27   14  II   19   15    22 

-   ^     {A     20  17   22   18  23    22    28    19    25    17    25    17    II    II    19    14        19 
\b    20  19  26  20  25    22    26    28    24    15    25    19    12    II    20    16        21 
'  See  New  Psychology,  Figs.  4  and  24. 
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A  glass  cylinder  is  attached  to  one  of  the  rods  of  the  dynamometer  and 
a  rubber  piston  is  connected  with  the  other  rod  by  an  aluminum  bar.  As 
the  rods  are  pressed  together  the  air  of  the  cylinder  is  forced  out  through 
a  rubber  tube  attached  to  the  bottom.  This  cylinder  is  called  the  receiv- 
ing cylinder. 

b.  Piston  recorder.  At  the  other  end  of  the  tube  is  the  recording  cyl- 
inder, constructed  similarly  to  the  receiver.  The  piston  of  the  record- 
ing cylinder  is  connected  to  an  aluminum  lever  which  is  lengthened  by  a 
very  light  straw  rod  ending  in  a  fine  quill  point.  As  the  air,  driven  out 
from  the  receiver,  is  forced  into  the  recorder,  the  quill  point  must  repeat 
on  a  highly  enlarged  scale  the  movement  of  the  rods  of  the  dynamom- 
eter. There  are  various  adjustments  on  the  recorder  for  changing  the 
amplification,  for  placing  the  point  higher  or  lower,  for  making  the  plane 
of  movement  tangential  to  the  surface  of  the  drum,  for  adjusting  the  cyl- 
inder, etc. 

Elach  piston  is  rendered  air-tight  by  a  drop  of  oil.  The  valve  in  the 
rubber  tube  serves  to  let  air  out  or  in  when  it  is  desired  to  change  the 
position  of  the  recording  point. 

c.  Recording  drum.  This  is  a  carefully  turned  brass  cylinder,  revolv- 
ing on  an  axis.  The  drum  is  first  placed  with  its  axis  horizontal.  The 
end  of  a  sheet  of  glazed  paper  is  moistened  with  paste.  It  is  then 
stretched  tightly  and  smoothly  around  the  drum  and  the  pasted  end  is 
lapped  over  the  other  one.  This  makes  a  tight  band  of  paper  around  the 
drum;  no  paste  should  be  allowed  to  get  on  the  drum  itself.  A  gas 
flame  is  held  beneath  the  drum  so  that  it  deposits  soot  on  the  paper ;  the 
drum  is  slowly  turned  in  order  to  keep  the  paper  from  burning. 

d.  Adjusting  the  apparatus.  The  drum  is  placed  so  that  its  axis  is 
vertical.  The  quill  point  of  the  recorder  is  brought  near  the  smoked 
surface  by  moving  the  support  and  by  adjusting  the  screws  that  hold 
it.  Then  the  point  is  brought  into  light  contact  with  the  surface  by 
turning  the  adjusting  screw  at  the  side.  The  lever  should  be  as  nearly  as 
possible  at  a  tangent  to  the  surface  of  the  drum.  As  the  drum  is  turned, 
a  line  is  drawn  in  the  smoke  by  the  quill  point. 

The  dynamometer  is  held  between  the  tips  of  the  thumb  and  index 
finger ;  the  base  block  rests  ligHtly  in  the  palm  of  the  hand.  A  comfort- 
able position  is  found  and  the  eyes  are  closed. 

Experiments, 

A,  Scale  0/ effort.  At  the  word  "One**  from  the  exjjerimenter  the 
subject  presses  the  dynamometer  lightly.  At  the  word  **  Two  **  he  presses 
it  twice  as  hard  as  before ;  at  **  Three  *  *  three  times  as  hard  and  at  '*  Four  *  * 
four  times  as  hard. 
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When  this  has  been  done  a  number  of  times  in  order  to  familiarize  the 
subject  with  the  experiment,  the  experimenter  gives  the  drum  a  slight 
turn  before  each  pressure  so  tRat  the  records  are  separated  distinctly. 
Five  sets  of  four  marks  each  are  thus  obtained. 

The  dynamometer  is  placed  in  a  screw  vise  so  that  the  cheeks  of  the 
vise  take  the  places  of  the  fingers  of  the  subject.  The  drum  is  turned  so 
that  the  quill  point  is  at  the  first  record.  The  vise  is  screwed  up  till  the 
point  has  moved  as  far  as  the  original  record ;  the  number  of  kilognuns 
corresponding  to  this  movement  is  read  off  from  the  scale.  Hie  tenths 
of  a  kilogram  are  estimated  by  the  eye.  The  result  is  recorded  in  the 
first  column  of  the  record  blank.  The  drum  is  now  turned  till  the  point 
is  opposite  the  second  record ;  the  vise  is  screwed  up  and  its  value  de- 
termined as  before.  The  result  is  placed  in  the  second  column.  In  the 
same  manner  all  the  records  are  determined,  the  results  being  placed  in 
the  columns  j,  2,  3,  4  according  to  the  original  intention  of  the  subject 
in  exerting  the  pressures. 

In  each  set  of  records  the  pressures  were  intended  to  stand  in  the  re- 
lation of  I,  2y  3  and  4  ;  the  actual  relations  are  found  by  dividing  each 
record  of  a  set  by  the  record  for  the  first  pressure  in  that  set.  Thus  the 
records  i.i,  1.8,  2.4,  3.2  stand  in  the  relations  of  i.o,  1.6,  2.2,  2.9. 
This  is  done  separately  for  each  set.  The  results  for  each  pressure  arc 
averaged.    The  following  is  a  specimen  record. 


MenUl  scale  of  pressure 

I 

II 

III 

IV 

Actual  pressure  exerted 

I.I 

1.8 

2.4 

3.2 

1.8 

2.1 

2.8 

3.7 

1.3 

1-9 

2.5 

3.3 

I.O 

1.8 

2.4 

31 

1-3 

17 

2.5 

3.5 

Relative  pressure  exerted 

1.0 

1.6 

2.2 

2.9 

1.0 

1.2 

1.6 

2.1 

1.0 

1-5 

1-7 

2.5 

I  0 

1.8 

2.4 

3.1 

1.0 

13 

1-9 

2.7 

Average 

1.0 

15 

2.0 

2.7 

The  experiments  are  repeated,  l)eginning  with  a  very  strong  pressure 
and  proceeding  in  the  the  order  **  Four,"  **  Three,"  **Two,*'  **  One." 

B,  Curve  of  fatigue.  The  preparations  are  made  as  before.  At  the 
word  "Go"  the  subject  presses  on  the  dynamometer  as  strongly  as 
possible  and  maintains  the  pressure  at  its  maximum  until  told  to  stop.  The 
experimenter  keeps  the  drum  turning  slowly  for  10  sec.  by  the  watch; 
thereupon  he  calls  **Stop."     The  line  traced  upon  the  drum  shows  the 
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fluctuation  in  the  maximum  amount  of  effort.  The  fatigue  curve  is  found  by 
drawing  a  horizontal  line  from  the  highest  point  at  the  beginning  of  the 
record  and  then  turning  the  record  bottom  up ;  the  curve  then  runs,  of 
course,  from  right  to  left.  The  amount  of  fatigue  is  to  be  found  by  tak- 
ing readings  at  the  beginning  and  at  the  end  of  the  curve  in  the  manner 
described  under  A. 

C.  Diversion  of  energy.  The  preparations  are  made  as  before,  but  in- 
stead of  closing  the  eyes  the  subject  keeps  them  fixed  on  a  printed  page. 
At  the  word  "Go*'  he  is  to  press  as  hard  as  possible;  this  maximum 
pressure  is  to  be  kept  up  without  any  relaxation  till  the  end  of  the  experi- 
ment. Shortly  after  starting  the  experimenter  calls  **  Read  **  and  at  the 
same  time  makes  a  check  on  the  drum  near  the  quill  point  by  means  of  a 
small  stick  or  a  pencil.  The  subject  begins  reading  aloud  at  the  signal  and, 
without  relaxing  the  pressure,  continues  to  read  until  the  words  **Stop 
reading."^ 

D.  Preserving  the  record.  The  drum  is  placed  horizontally,  the  paper 
is  slit  across,  one  end  is  caught  by  a  clamp,  the  sheet  is  run  through  a 
solution  of  shellac  and  is  hung  up  to  dry. 

This  shellac  solution  is  contained  in  a  large  bottle  at  the  varnishing 
stand.  Lift  the  bottle  from  the  lower  shelf  and  place  it  on  the  upper  one. 
The  varnish  runs  through  the  rubber  tube  and  floods  the  varnishing  tray. 
The  shellac  solution  is  composed  of  i  part  by  volume  of  saturated  solu- 
tion of  shellac  in  alcohol  and  4  parts  of  95%  alcohol.  In  running  the 
sheet  through  the  solution  get  the  fore  edge  of  the  sheet  under  the  solu- 
tion first  and  keep  the  smoked  side  upward.  After  the  sheet  has  been 
varnished,  the  bottle  must  be  replaced  on  the  lower  shelf;  the  varnish 
runs  back  into  it  and  is  kept  from  evaporation. 

Points  to  be  noted, 

I.  Possibility  of  establishing  mental  scales.  2.  The  falling  off  in 
the  effort  in  what  is  meant  by  **  fatigue**  in  this  case.  To  call  it 
'*  the  effect  of  fatigue**  would  bring  in  assumptions  not  justified  by  the 
experiment ;  a  scientific  definition  must  start  with  the  facts  as  immedi- 
ately given. 

Questions. 

I.  How  was  the  standard  physical  scale  established ?  2.  What  general 
conclusions  would  you  draw  concerning  mental  energy  ?  3.  How  many 
adjustments  can  you  point  out  on  the  piston -recorder  ? 


>  Such  a  record  is  shown  in  Fig.  48  of  The  New  Psychology. 
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Exercise  VIII. — Rhythmic  movements. 

(Needed :  Jacql'ET  graphic  chronometer,  kymograph,  Marey  tambours,  upright 
wooden  scale,  paper,  smoking  and  varnishing  arrangements,  2  standards.) 

Apparatus, 

a.  Graphic  chronopneter.  This  is  essentially  a  fine  stop  watch  with  a 
recording  point  and  electric  contact.  The  smaller  dial  indicates  seconds, 
the  larger  one  minutes.  The  chronometer  is  wound  by  the  screw  at  the 
back  ;  it  will  run  for  4**  without  error  due  to  laxity  of  spring,  or  6'  with 
a  small  error.  The  catch  b  at  the  bottom,  when  moved  to  the  right, 
starts  the  chronometer ;  when  to  the  left,  stops  it.  Pressure  on  the  catch 
a  at  the  side  returns  the  hands  to  o.  The  recording  pK>int  d  makes 
a  movement  once  a  second,  or  five  times  a  second,  according  as  the 
catch  c  at  the  l)ack  is  pushed  in  or  pulled  out.  The  extent  of  the  move- 
ment of  the  recording  point  is  regulated  by  the  screw  e  beneath  it. 
When  the  chronometer  is  placed  vertically  the  weight  of  the  recording 
lever  is  sufficient  to  bring  it  back  when  moved,  but  when  it  is  in  a 
horizontal  position  the  screw  /  at  the  right-hand  side  should  be  made 
to  bear  lightly  on  the  spring  at  the  opposite  end  of  the  lever.  The  chro- 
nometer is  held  on  the  support  by  the  screw  /.  When  used  with  the 
drum,  it  is  brought  near  the  surface  at  a  tangent  by  moving  the  support ; 
the  finer  adjustment  is  then  made  by  turning  the  screw  m  in  front. 

b.  Kymograph.  This  is  a  recording  dnmi  moved  by  clockwork.  It 
differs  from  the  hand-drum  by  having  its  speed .  so  carefully  regulated 
that,  when  its  rate  of  revolution  is  once  determined,  it  can  be  dep>ended 
upon  to  maintain  that  rate  with  a  high  degree  of  accuracy,  provided  the 
spring  is  kept  wound  up  to  about  the  same  tension  and  the  whole  ap- 
paratus is  in  perfect  order.  The  lettering  used  in  the  following  instruc- 
tions will  be  found  painted  on  the  apparatus  at  the  appropriate  p>oint5. 

First  place  the  drum  in  the  sei)arate  horizontal  support  as  in  Ex.  VII. 
Place  some  paste  on  one  end  of  the  sheet  of  glazed  drum-paper.  Stretch 
the  paper  around  the  drum  tightly  and  bring  the  lasted  end  over  the 
other  end.  Coat  the  paper  with  smoke  by  holding  a  gas  flame  close  be- 
neath it. 

Lift  the  drum  from  the  support,  grasping  it  around  the  ring  (9  at  the  end. 
Raise  the  spring  G  of  the  kymograph  by  the  arm  F  till  it  catches.  I^t 
the  end  of  the  drum-axle  drop  into  the  socket  P.  Bring  the  groove  of 
the  ring  O  up  till  it  catches  on  the  wheel  at  the  end  of  the  arna  JV. 
Bring  the  top  of  the  axle  just  below  the  socket  held  by  G^  and  let  F 
snap.  The  drum  is  now  in  position  ;  it  should  be  turned  till  the  project- 
ing point  at  the  bottom  of  the  axle  catches  in  a  notch  of  the  spring  P, 
If  the  kymograph  is  not  firm  upon  the  table,  adjust  the  leg  M. 
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Wind  up  the  clock-spring  by  the  handle  A.  Move  the  brake  £  in 
order  to  release  the  governor  Z>.  When  the  screw  B  is  tight  the  drum 
will  turn  with  the  clockwork  ;  when  it  is  loose,  the  drum  is  disconnected 
The  connection  of  the  clockwork  with  the  drum  axle  is  established  by 
the  large  friction  disc  which  i)resses  against  the  small  friction  roll  X. 
When  handling  the  drum,  always  disconnect  it  by  turning  B  ;  this  keeps 
the  friction  disc  from  being  ground  by  chance  movements  of  the  roll  X. 

The  speed  of  the  friction  disc  is  changed  by  different  combinations  of 
the  gears  of  the  clockwork.  The  case  of  the  clockwork  can  be  opened 
by  turning  two  projecting  screws  at  the  side.  There  are  two  gears  that 
move  sidewise  on  their  axles,  a  lower  one  (white  stripe),  and  an  upper 
one  (red  stripe).  The  following  table  gives  the  speeds  approximately  ob- 
tainable by  the  different  combinations. 


SPEED         POSITION  OK  POSITION    OF    UPPER        FRICTION  ROLL  AT  KRlcniON  ROLL  A 

NAME.    I  LOWER  WHEEL.  I  WHEEL.  '     LOWEST  POINT.     !    HIGHEST  I»OI NT.  , 


^ 


I 

Left. 

; Right  (weak  spring).      ' 

ih  3o« 

I2« 

II 

Left. 

il^ft  (medium  spring). 

6- 

45' 

III 

Left. 

Middle  (strong  spring).' 

2"» 

;          '5' 

IV 

Right. 

Right  (weak  spring),     i 

12" 

1%^ 

V 

Right. 

Left  (mediimi  spring).    1 

40- 

1                 5* 

VI 

Right. 

Middle  (strong  spring).! 

i6- 

2* 

1 

There  are  three  sets  of  springs  for  the  governor ;  that  set  should  be 
chosen  which  allows  the  wings  of  the  governor  to  take  a  middle  position 
when  in  motion.  When  the  upper  wheel  is  in  the  middle  position  the 
screw  C  should  be  turned  so  as  to  bring  the  little  wheel  at  the  end  of  the 
arm  into  position  between  the  largest  and  smallest  cog-wheels. 

The  intermediate  speeds  between  the  figures  in  the  table  are  obtained 
by  moving  the  roll  A'  by  means  of  the  screw  R,  An  index  connected 
with  X  moves  over  a  scale  so  that  a  speed  once  found  can  be  reproduced 
by  direct  adjustment  of  the  index  to  the  same  point ;  to  avoid  back-lash 
the  adjustment  should  be  made  in  the  direction  from  zero  upward.  Adjust 
the  kymograph  for  this  exercise  to  about  20'  for  i  revolution. 

c.  Tambours.  The  essential  principle  of  the  tambour  is  found  in  its  con- 
struction as  a  metallic  air-chamber  with  a  rubber  top  and  a  side  tube. 
There  are  two  tambours,  the  receiver  and  the  recorder. 

Any  desired  movement  may  be  communicated  to  the  straight  lever  (i) 
of  the  receiver  (2).  This  lever  communicates  the  movement  to  the  air 
inside  by  its  varying  pressure  on  the  rubber  top.  The  movement  of  the 
air  is  communicated  along  the  nibber  tube  (3)  to  the  recorder  (5).     llie 
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rubber  top  of  the  recorder  moves  in  response  to  the  movements  of  the  air, 
and  the  light  curved  lever  (9)  resting  on  it  consequently  repeats  the 
movements  of  the  straight  lever  of  the  receiver.  The  point  of  connec- 
tion (8)  to  the  recording  lever  can  be  moved  so  as  to  obtain  different  de- 
grees of  amplification  ;  the  body  of  the  tambour  is  kept  centered  beneath 
the  point  of  connection  by  a  screw  (6)  at  the  back.  For  the  present  ex- 
ercise any  convenient  amplification  is  used.  The  position  of  the  point 
on  the  drum  is  adjusted  by  the  arm  (7)  which  moves  the  fulcrum.  The 
valve  (4)  is  used  as  in  Ex.  VII. 

Experiments, 

A.  Getting  the  time-line.  The  drum  is  set  in  motion.  The  graphic 
chronometer,  adjusted  to  beat  seconds,  is  placed  on  the  upright  support. 
The  support  is  moved  till  the  recording  point  nearly  touches  the  smoked 
surface  at  a  tangent.  The  point  is  brought  into  light  contact  by  the  ad- 
justing screw.  The  chronometer  thus  traces  a  line  with  checks  at  inter- 
vals of  i\  The  chronometer  is  then  carefully  removed  and  placed  in  its 
box. 

B.  Recording  an  instinctively  chosen  rhythm.  The  recording  tambour 
is  placed  so  that  its  point  draws  a  line  on  the  drum.  The  receiver  is  ar- 
ranged with  its  lever  in  front  of  a  vertical  scale. 

The  subject  takes  the  straight  lever  between  thumb  and  finger  at  the 
point  marked  in  black.  He  is  to  move  it  up  and  down  as  regularly  as  pos- 
sible over  a  distance  of  about  3"°.  By  *'  regularly  **  is  meant  evenly  and 
at  regular  intervals.  While  this  is  being  done,  the  experimenter  allows  the 
drum  to  make  one  revolution.  By  turning  the  handle  ZT,  the  drum  is 
then  lowered  sufficiently  for  another  record. 

C  Recording  an  arbitrary  rhythm.  The  subject  tries  to  beat  twice  as 
fast  as  before. 

Computation, 

The  drum  is  lifted  out  of  the  apparatus  by  grasping  it  around  the 
ring  and  raising  the  lever  G,  It  is  placed  in  the  horizontal  sup- 
port. The  experimenter  writes  on  it  with  a  pointed  instrument  the 
name  of  the  subject,  the  date  and  the  time.  With  the  point  of  a 
knife  the  paper  is  slit  across,  the  thumb  being  kept  over  the  beginning  of 
the  slit  in  order  to  keep  the  paper  from  falling.  The  end  of  the  paper 
is  caught  by  a  varnishing  clamp,  llie  paper  is  run  through  the  varnish- 
ing solution  of  shellac  and  hung  up  to  dry.* 

1  Observations  connected  with  this  experiment  led  me  to  report  {^Science^  1896,  n.  $. 
IV  535  )y  the  following  law,  subject  to  amplification  and  correction  by  further  experi- 
ment.    The  probable  error  (all  apparatus  errors  being  negligible)  is  a  good  measure  of 
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When  the  paper  is  dry  the  lower  edge  containing  the  time-record  is  cut 
off  to  serve  as  a  scale  of  seconds.  1  en  of  the  distances  from  top  to  top 
of  the  waves  in  each  rhythm  are  measured  by  this  scale,  giving  the  re- 
sults in  seconds  and  estimated  tenths.  The  average  and  the  character- 
variations  are  found  in  each  case. 


Specimen 

record. 

Natural  rhythm. 

Arbitrary  rhythm. 

m 

V 

v* 

m 

V 

v« 

1.8 

0.16 

0.0256 

I.I 

0.05 

0.0025 

1.8 

.16 

.0256 

0.9 

.15 

.0225 

1.7 

.06 

.0036 

I.O 

.05 

.0025 

15 

.14 

.0196 

1.2 

.15 

.0225 

1-7 

.06 

.0036 

0.8 

.25 

.0625 

15 

•14 

.0196 

1.0 

.05 

.0025 

1.6 

.04 

.0016 

I.I 

.05 

.0025 

1.8 

.16 

.0256 

1.6 

.55 

•3025 

1.4 

.24 

.0576 

0.9 

.15 

.0225 

1.6 

.04 

.0016 

0.9 

.15 

.0225 

.64" 

9)0.1840 

10)0.0204 

0.0020 

"1.05 

9)o_465o 

10)0.0519 

0.0052 

1/0.0020  —  0 

.04 

1/0.0052 

—  0.07 

HXo 

.04  —  0. 

03 

^^Xo.07 

=  0.05 

a  —  I 

.64-^-  0 

.03 

a  —  1.05  ±  ao5 

Points  to  he  noted, 

I.  The  method  of  obtaining  loths  of  a  unit  by  the  eye  is  in  this  case 
just  as  accurate  as  if  a  carefully  prepared  scale  were  used.     2.   Although 


the  subject's  irregularity  (see  above  p.  21,  note  i),  or  of  the  difficulty  of  his  mental  pix>- 
cesses.  Using  it  thus  as  a  measure  of  the  disadvantage  of  a  rhythm  we  can  express  the 
relation  of  the  disadvantage  to  the  length  as  r  =/"(/)  where  r  is  the  probable  enor 
and  /  the  length  of  the  time  in  the  rhythmic  movement.     The  law  proposed  is 

r 
-  -^  =  constant, 

where  ;•  and  /  have  the  same  meanings  as  before,  T  is  the  length  of  the  time  chosen 
naturally  and|/ — T\  indicates  that  the  sign  of  the  quantity  is  disregarded.  In 
other  words,  the  amount  of  irregularity  is  proportional  to  the  deviation  from  the  natural 
rhythm.  The  relation  here  observed  is  illustrated  by  the  well-known  fact  that  in  sach 
rhythmic  movements  as  walking,  running,  etc.,  a  certain  frequency  in  the  repetition  of 
the  movement  is  most  favorable  to  the  accomplishment  of  work.  Thus,  to  go  the  great* 
est  distance  in  steady  traveling  day  by  day,  the  horse  or  the  bicyclist  must  move  his  limbs 
with  a  certain  frequency:  not  too  rapid,  as  this  would  fatigue  and  cut  short  the  journey* 
and  not  too  slow,  as  this  also  would  be  fatiguing  and  wasteful.  This  favorable  frequency 
is  a  particular  one  for  each  individual  and  for  each  condition  in  which  he  is  found ;  any 
deviation  diminishes  the  final  result. 


Elementary  course  in  psychologic  at  measurements,  113 

the  records  could  easily  be  read  in  looths,  the  degree  of  accuracy  ap- 
propriate to  the  experiment  lies  in  loths. 

Questions, 

I.  What  is  the  relation  between  the  probable  error  and  regularity? 
2.  How  would  you  express  this  relation  mathematically? 


Exercise  IX. — Maximum  rapidity  of  repeated  volitions. 

(Needed  :  recording  drum,  paper,  smoking  and  varnishing  arrangements,  100  v.  d. 
electric  fork,  fork  support,  double  contact  key,  spark  coil,  condenser,  battery  of  lA,  bat- 
tery of  4A. ) 

Apparatus. 

a.  Recording  drum.  This  dnim^  consists  essentially  of  an  evenly 
turned  cylinder  rotating  on  two  centers.  Parallel  to  the  axis  of  the  drum 
are  two  rails  guiding  an  upright  support,  called  the  marker  support.  The 
support  is  moved  by  a  screw  operated  by  a  handle  at  the  end.  Glazed 
drum-paper  is  stretched  around  the  drum  and  smoked  in  the  manner 
described  in  Ex.  VII. 

b.  Electric  fork.  An  electric  current  of  i  ampere  is  brought  to  the 
binding  post  at  the  back  of  the  fork.  It  travels  along  the  prong  to  the 
platinum  wire.  When  this  wire  is  in  contact  with  the  plantinum-cover^d 
disc  the  current  passes  to  the  base  of  the  magnet,  whence  it  goes  through 
the  wire  of  the  magnet,  out  at  the  insulated  post  and  back  to  the  battery. 
While  the  current  is  passing,  the  coil  becomes  magnetic  and  pulls  the 
prongs  of  the  fork  inward.  If  the  platinum  wire  is  in  very  light  con- 
tact with  the  disc,  this  movement  of  the  prongs  will  separate  them,  and 
the  current  will  be  interrupted.  Consequently  the  coil  ceases  to  be  mag- 
netic and  the  prongs  fly  outward.  The  outward  movement,  however, 
brings  the  platinum  wire  into  contact  with  the  disc  again ;  the  current 
passes  through  the  coil,  and  the  movement  begins  as  before.  With  a 
proper  adjustment  of  the  disc  in  relation  to  the  platinum  wire  the  fork 
will  continue  to  vibrate  as  long  as  the  current  is  supplied.  The  proper 
adjustment  is  attained  by  starting  the  disc  away  from  the  wire  and  screw- 
ing it  up  till  it  just  touches — ^which  can  be  seen  from  the  darkening 
of  the  little  lamp  of  the  battery — and  then  giving  about  ^  of  a  turn 
more.      If  the  fork  does  not  begin  to  vibrate  of  its  own  accord,  it  is 


^  See  Fig.  33  in  Stud.  Yale  Psych.  Lab.,  1893  I  100,  and  Fig.  6  in  The  New  Psy- 
chology. 
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started  by  a  light  blow  of  the  finger.     A  light  recording  point  of  fine 
spring  steel  is  attached  to  one  prong.' 

r.  Fork  support}  llie  object  of  the  fork  support  is  to  provide  a  deli- 
cate and  convenient  adjustment  of  the  contact  point  on  the  smoked  pi^)er. 
It  is  fastened  to  the  marker  support  of  the  drum  by  the  clamp  M'^  by  which 
it  can  be  raised,  lowered  or  turned  as  desired.  The  rod  R  is  placed  in 
the  hole  through  the  base  of  the  fork  ;  the  screw  5  clamps  the  base  firmly. 
The  screw  /  gives  adjustment  on  the  rod  jP.  The  fork  is  first  placed  nearly 
in  position  with  its  steel  recording  point  at  a  tangent  to  the  drum  and  its 
plane  of  vibration  parallel  to  the  drum  axis.  It  is  now  lowered  by  die 
screw  Ny  acting  on  the  arm  Oy  till  the  point  is  in  good  contact  with  die 
paper. 

d.  Double  contact  key}  This  key  consists  of  a  lever  moving  on  a  bar 
hung  between  centers.  A  spring  holds  the  front  end  of  the  key  up ;  die 
tension  of  this  spring  is  adjusted  by  the  screw  Z.  It  should  be  great 
enough  to  hold  the  lever  up  as  far  as  it  will  go,  but  small  enough  to  offer 
the  least  possible  resistance  to  movement.  At  K  a  platinum  point  is 
inserted.  Just  below  K  there  is  another  point  X^  which  is  supported  bj 
a  ring  of  hard  rubber  so  that  there  is  no  metallic  connection  with  tiie 
frame.  A  wire  leads  from  X  to  the  binding-post  i.  At  the  back  of  die 
lever  there  is  a  screw  W^  carrying  a  platinum  point  V.  Just  below  f^tfaeie 
is  another  point  6^  supported  by  hard  rubber  and  in  connection  with  tiie 
post  2.  The  extent  to  which  the  lever  moves  is  regulated  by  turning  W. 
There  should  be  enough  movement  to  be  distinctly  felt,  but  not  enough  to 
cause  loss  of  time.  The  framework  of  the  key  (and  consequently  the 
contacts  Kand  F)  is  connected  to  post  3. 

Bring  the  wires  from  the  4-amp6re  battery  to  the  posts  i  and  3  ;  notice 
(by  the  darkening  of  the  small  lamp)  that  the  current  passes  through  the 
key  whenever  Kand  A' are  kept  in  contact  by  pressure  on  the  rubber 
knob  A, 

Bring  the  battery  wires   to  2  and  3.     Notice  that  the  current 
whenever  Fand  C/'are  in  contact. 


1  To  prepare  these  steel  points  I  procure  from  the  clock  factory  a  flat  strip  of  fine  '*pai* 
dulum  wire."  Pieces  are  cut  off  of  3  cm.  length.  A  hole  to  fit  over  the  screw  is  nuidleiB 
each  piece ;  the  opposite  end  is  cut  to  a  sharp  point  and  bent.  Such  a  jnece  is  Mluli' 
tQted  for  the  usual  brass  point  that  comes  with  the  fork.  The  great  elasticity  of  the  steel 
reduces  the  friction  to  a  minimum ;  its  hardness  keeps  the  point  sharp  for  a  long  tinet 
whereby  a  very  fine  line  may  be  produced. 

'  See  above,  p.  82. 

'The  lettering  is  found  on  the  apparatus.     A  picture  of  such  a  key  without  die  ad- 
justing screws  Z  and  Y  is  given  in  The  New  Psychology,  Fig.   27  ;  post   I  is 
post  2  is  farthest  and  post  3  between  them. 
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Connect  i  and  2  by  a  short  wire.  The  current  is  then  interrupted  for 
an  instant  at  each  movement  of  the  key  downward  or  upward. 

e.  Spark  coil.  The  spark  coil  consists  of  two  coils  of  wire.  *  The 
inner  one,  ''primary  coil,**  is  made  of  a  few  turns  of  coarse  wire  end- 
ing in  the  terminals  P.  The  outer  one,  *' secondary  coil,'*  consists  of 
many  turns  of  very  fine  wire,  ending  in  the  terminals  S.  Insert  a  metal 
rod  F  through  one  of  the  posts  5  and  bring  its  point  within  about  j^"™  of 
the  other  post.  Bring  one  wire  of  the  4A  battery  to  one  of  the  posts  P. 
Touch  the  other  post  with  the  other  wire  for  an  instant ;  notice  that  a 
spark  jumps  across  at  S, 

Bring  one  wire  of  the  4A  battery  to  one  of  the  posts  P  and  the  other 
one  to  the  post  2  of  the  telegraph  key.  Connect  post  3  with  the  other 
post  F  by  an  extra  wire.  Notice  that  a  spark  is  produced  every  time  the 
key  knob  is  pressed  or  released. 

Remove  the  rod  F  and  connect  one  of  the  posts  5  to  the  metallic  back 
of  the  fork  by  a  light  wire  and  the  other  one  to  the  binding  post  H  of 
the  dnim  by  a  similar  wire.  The  wooden  base  of  the  fork  interrupts 
metallic  connection  between  the  two  wires  and  the  spark  is  forced  to  fly 
off  the  recording  point  and  through  the  paper  to  the  drum.  This  makes 
a  white  dot  on  the  paper.  ' 

/.  Condenser,  The  condenser  consists  of  two  sets  of  sheets  of  tin -foil 
arranged  alternately.  The  sets  are  connected  to  the  two  posts  A',  Z. 
The  sheets  are  kept  separate  from  each  other  by  sheets  of  paper.  Two 
wires  are  brought  from  K  and  L  to  the  posts  2  and  3  of  the  key  without 
disturbing  the  battery  connections.  Notice  that  the  spark  at  the  drum 
is  made  stronger  by  using  the  condenser. 

Experiments, 

m 

A.  Adjustments,  The  fork  is  adjusted  at  the  farther  end  of  the  drum. 
The  experimenter  sets  the  drum  in  motion  by  striking  the  edge  with  his 
hand.  By  turning  the  handle  that  moves  the  fork  support  he  pulls 
the  fork  along  toward  him.  The  speed  of  the  drum  should  be  such  that 
a  single  wave  extends  over  about  i"".  During  the  experiment  the  fork 
support  should  move  fast  enough  to  make  the  fork  trace  a  spiral  without 
overlapping,  but  slow  enough  not  to  waste  paper.  The  subject  adjusts 
the  key  evenly  on  the  table.  He  then  taps  several  times  to  prove  that 
the  spark  connections  are  in  order. 

B.  Recording  the  most  rapid  tapping.     The  subject  takes  a  comfortable 

1  The  separable  coil  should  be  used,  see  above,  p.  81. 

^  The  plan  of  connection  of  the  spark  coil  and  fork  is  similar  to  that  shown  in  Fig.  6  of 
the  New  Psychology. 
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position,  grasps  the  knob  of  the  key  between  thumb  and  middle  finger, 
and,  steadying  the  key  with  the  other  hand,  makes  the  lever  vibrate  as 
rapidly  as  possible.  This  is  done  by  way  of  practice  for  a  few  moments 
without  making  a  record. 

The  subject  is  ready.  The  experimenter  calls  "Now,"  whereupon 
the  subject  begins  to  tap  as  rapidly  as  possible.  The  drum  is  set  going 
and  a  record  is  taken  for  a  few  seconds.  The  name  of  the  subject  is 
written  in  the  smoke  by  a  pencil  or  a  pointed  stick. 

C.  Prefafing  the  record.  The  paper  is  slit  crosswise  with  a  knife, 
lifted  at  one  end  and  run  through  a  solution  of  shellac  as  described  in 
Ex.  VII. 

Z>.  Computing  the  results.  When  the  record  is  dry  a  portion  about  in 
the  middle  is  selected  for  computation.  As  a  dot  was  made  at  each  tq> 
and  release  of  the  key,  the  distance  between  two  dots  on  the  fork-line, 
or  time-line,  gives  the  time  for  a  single  movement.  The  time  is  divided 
into  looths  by  the  wave  of  the  fork-line  ;  the  loooths  are  obtained  by 
estimating  the  extra  loths  of  a  wave  by  the  eye.  Ten  successive  records 
are  counted.     The  average  and  the  probable  error  are  found. 


Specimen  record. 

m 

p 

«• 

40 

0.7 

^'^9 

39 

1-7 

2.89 

40 

0.7 

0.49 

42 

1-3 

1.69 

41 

03 

0.09 

43 

2.3 

5.29 

40 

0.7 

0.49 

39 

1.7 

a.89 

41 

03 

Q.09 

42 

1-3 

1.69 

40.7" 

9)16.10 

10)1.56 

0.16 

1/0.16  =  0.4    JlXo-4  =  o-3    «  =  40. 7  ±0.3 


Theoretical  considerations. 


The  repeated  taps  were  produced  by  successive  volitions  resulting  in 
the  alternating  movements,  down  and  back.  Assuming  that  the  two 
movements  represent  two  volitions  alternated  as  rapidly  as  possible  the 
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result  gives  the  average  time  required  as  a  minimum  for  the  rise  and  exe- 
cution of  a  volition.* 

Points  to  be  noted, 

I.  Regularity  and  rapidity  may  be  quite  different  in  different  persons. 
2 .  A  very  rapid  person  may  not  be  a  very  regular  one. 

Questions. 

I .  How  are  we  justified  in  considering  the  time  between  two  muscular 
movements  as  a  mental  time?  2.  What  means  would  you  suggest  for 
shortening  the  tap-time  and  decreasing  the  probable  error? 

Exercise  X. — Simple  reaction  to  sound. 

(Needed:  recording  drum,  automatic  break,  smoking  and  varnishing  arrangements, 
100  V.  d.  electric  fork,  Pfeil  marker,  Deprez  marker,  telephone,  reaction  key,  adjust- 
able marker  support,  simple  break  switch,  two  batteries  of  I  ampdre,  one  battery  of  2 
amperes.)* 

Apparatus, 

a.  Recording  drum.  The  drum  used  in  this  exercise  is  known  as  the 
**  standard  drum  "  on  accoimt  of  the  steadiness  of  its  movement,  which 
is  due  to  the  weight  of  the  wheel.'  Glazed  drum  paper  of  the  proper 
size  is  adjusted  around  the  drum  and  is  smoked  on  that  quarter  which  is 
l^>eneath  the  projecting  arm  C,  The  drum  is  moved  by  a  ratchet  handle 
at  the  top ;  it  may  be  stopped  by  the  brake  at  the  side. 


1  The  following  table  gives  the  results  on  20  students  in  1896  : 

Avarages  for  all. 
Subject:         A     B     CE     FGH     I      I     J      LMNO     PQR     SUZ 
Average:       41     71     59    46    80  193  71    99    77  113    97    33    84    7a    5a  6a  147  1x7  zz8  60        Bz 

^^^ion:}    "    ^A     ^^      8      9    50    a    28    Z3    36    zz     Z4    40    zo    Z9    5    ao    Z7      63        Z7 

Relati 

average    )»  39    33    30    Z7    zx    4Z    a    30    Z7    3a    zz    4a    48      7    36    7    za    Z5      55  az  percent. 

vaziation 

Probable 
error; 


live  ^ 
age    > 
ion  :J 

.^  [3.4   6.8   5.Z  a.a  a.5  Z4.0  0.6  7.8  3.6  zo.x  3.Z  3.9  zz. a  a.8  5.3  z.4  5.6  7.8   z.70.8    4.5 


The  results  give  the  times  for  the  alternated  movements  naturally  used  by  unprac- 
ticed  persons  in  attempting  to  move  the  telegraph  key.  By  trial  the  subject  can  finally 
select  the  most  rapid  movement,  which  will  frequently  be  much  quicker  than  the  origi- 
nal one.  The  average  variation  (or  mean  variation)  is  the  average  of  the  residuals ;  in 
the  example  above  it  would  be  the  average  for  the  column  v. 

'The  drum  of  the  previous  exercise,  which  is  fitted  with  an  automatic  break,  may  be 
used  for  this  exercise.  The  fork  and  adjustable  marker  support  may  likewise  be  the 
same  as  before.  In  such  a  case  the  previous  exercise  should  be  put  far  enough  ahead  of 
this  one  in  the  course  to  avoid  any  need  for  the  same  pieces  in  two  simultaneous  exer- 
cises.    It  is  preferable  to  have  several  drums,  all  of  which  should  have  automatic  contacts. 

'See  Stud.  Yale  Psych.  Lab.,  1895,  III,  Fig.  16. 
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b.  Automatic  break}  The  projecting  aim  C  as  it  passes  the  rubber 
block  D  strikes  a  projecting  pin  G  and  moves  it.  On  the  other  side  of 
D  there  is  the  small  arm  /  made  into  one  piece  with  the  pin  G  ;  it, 
therefore,  moves  when  G  is  struck.  This  movement  brings  a  platinum 
point  away  from  the  platinum  point  of  the  screw  H.  Thus,  if  the  two 
wires  of  an  electric  circuit  are  brought  to  the  posts  E  and  ^,  the  current 
is  interrupted  every  time  C  strikes  G» 

c.  Marker  support.  The  carriage  F  riding  on  the  steel  post  is  movable 
by  the  handle  J.  It  carries  a  projecting  rod  Z,  to  which  forks  and 
markers  may  be  attached.  When  two  markers  are  used,  as  in  the  present 
exercise,  an  adjustable  support  *  M  \%  placed  on  Z.  The  rod  of  i/*  is 
placed  vertically.     This  rod  can  be  rotated  by  the  screw  JVor  lever  O. 

d.  Deprez  marker.  This  marker  is  adjusted  on  the  rod  of  the  suppoit 
by  the  screw  P,  It  is  so  placed  that  when  it  is  lengthened,  by  turning 
the  screw  Q,  the  fine  point  at  the  end  can  be  brought  into  delicate  con- 
tact with  the  smoked  surface.  Bring  the  two  wires  from  a  i  A  battery  to 
the  posts  Ry  5.  Notice  that  whenever  the  circuit  is  completed  the  arma- 
ture V  is  drawn  to  the  magnet  U,  and  that  when  it  is  broken  the  arma- 
ture flies  back.  If  this  does  not  happen,  the  adjustment  is  to  be  made 
more  delicate  by  altering  the  tension  of  the  armature  spring  at  the  bad: 
or  by  changing  the  amplitude  of  vibration  of  the  armature  by  moving  the 
cone  by  means  of  the  screw  T. 

e.  Electric  fork.  The  fork  used  in  this  exercise  is  arranged  to  vibrate 
just  as  that  in  Ex.  IX.  The  wires  from  a  battery  in  lA  are  brought 
to  the  two  binding-posts  as  before.  The  fork  is  not  attached  to  the  drum, 
but  is  placed  on  the  table. 

/.  Pfeil  marker.  The  Pfeil  marker  is  placed  on  the  adjustable  sup- 
port by  means  of  its  clamp  in  such  a  way  that  its  point  is  downward 
and  close  to  the  other  marker.  The  battery  wire  is  removed  from  one 
post  of  the  fork  and  is  placed  in  one  of  the  posts  of  the  marker.  A  wire 
is  then  run  from  the  other  post  to  the  fork.  Whenever  the  current  passes, 
the  coils  of  the  marker  become  magnetic  and  attract  the  armature  D ; 
when  the  current  is  interrupted,  the  armature  is  released.  As  the  cur- 
rent is  made  and  broken  loo  times  per  second  by  the  fork,  the  armatuie 
vibrates  loo  times  per  second.  The  vibration  is  transmitted  to  the  re- 
cording point  by  a  connecting  bar.  The  extent  of  the  vibration  is  i^u- 
lated  by  a  screw  Fj  which  adjusts  the  distance  of  the  magnets  from  the 
armature.     The  finer  adjustment  of  the  point  against  the  drum  is  accom- 


^  The  lettering  is  on  the  apparatus ;  the  principle  of  the  automatic  break  is  unular  to 
that  shown  in  Fig.  17. 

«  See  al>ove,  Fig.  10 ;  for  this  exercise  the  clamp  M  is  mode  of  hard  rubber. 


Elementary  course  in  psychological  measurements,  119 

plished  by  a  screw  G  at  the  back.  The  marker  is  first  adjusted  so  that  its 
jjoint  is  just  above  the  point  of  the  Deprez  marker,  and  then  the  exact 
amount  of  pressure  against  the  drum  is  attained  by  G.  As  the  drum  is 
turned,  a  time  line  is  drawn  whose  waves  each  indicate  i/ioo  of  a 
second. 

Experiments, 

A.  Finding  the  latent  time  of  the  Deprez  marker.  The  current  is 
brought  to  one  post  of  the  automatic  break,  then  from  the  other  post  to 
the  Deprez  marker  and  from  the  marker  back  to  the  battery.  ITie  drum 
is  slowly  rotated  till  the  arm  C  opens  the  break  and  makes  a  check  with 
the  marker.  If  this  is  carefully  done,  the  check  marks  the  exact  spot  at 
which  the  break  occurs.  The  carriage  is  then  run  down  and  back  in  order 
to  draw  the  zero  line,  or  the  line  at  which  the  break  occurs. 

With  the  Pfeil  marker  in  vibration  the  drum  is  now  set  in  rapid  rota- 
tion. The  carriage  is  then  moved  downward  with  sufficient  rapidity  to 
keep  the  records  separate.  The  result  is  a  series  of  records,  each  consist- 
ing of  a  time-line  and  the  line  drawn  by  the  Deprez  marker.  The  paper 
is  removed  and  varnished.  The  distance  from  the  zero-line  to  the  check 
in  the  marker-line  gives,  in  terms  of  space,  the  latent  time  of  the  marker 
at  the  break ;  this  distance  is  turned  into  time  by  comparison  with  the 
time-line.  The  time  is  read  in  1 000 ths  of  a  second.  Five  records  are 
computed  to  find  the  average  and  the  probable  error. 

B.  Adjusting  the  reaction  experiment,  A  new  piece  of  paper  is  placed 
on  the  drum  and  smoked  all  around.  The  Pfeil  marker  is  adjusted  as 
before.     The  zero- line  is  made  as  before. 

The  I A  circuit  through  the  automatic  break  is  taken  from  the  marker 
and  run  through  a  telephone  instead  ;  a  click  is  thus  produced  in  the  tele- 
phone whenever  the  arm  C  strikes  the  point  G,  A  switch  for  turning- 
off  the  current  is  inserted  in  the  circuit. 

Another  lA  current  is  run  through  the  Deprez  marker  and  then 
through  the  reaction  key.  This  key  comprises  two  steel  rods  on  which 
nm  two  rubber  slides.*  The  adjustable  slide  A  is  fastened  at  any  desired 
place  by  the  nut  E ;  the  excursion  of  the  movable  slide  M  can  thus  be 
regulated.  For  the  present  experiment  the  excursion  should  be  about  3 """. 
The  index  finger  is  placed  in  the  hole  of  J/,  the  thumb  is  placed  in  the 
hole  of  A  and  the  key  is  steadied  by  the  third  finger.  The  battery  wires 
are  brought  to  the  post  of  J/ and  the  post  7"  at  the  top.  When  the  finger 
is  extended,  the  circuit  is  closed ;  as  soon  as  it  is  moved,  the  circuit  is 
broken  and  the  Deprez  marker  moves. 


See  Stud.  Vale  Psych.  Lab.,  1893  I»  ^^%'  3°-     The  lettering  is  on  the  apparatus. 
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The  subject  is  comfortably  seated  with  the  reaction  key  in  his  hand  ;  he 
must  be  so  placed  that  he  sees  nothing  of  the  experimenter's  movements. 

C  Performing  tfu  experiment.  The  subject  is  called  to  attention  by 
telephone  clicks  produced  by  tapping  the  automatic  break.  The  switch 
is  then  opened. 

The  drum  is  set  in  rotation ;  the  switch  is  closed  during  one  revo- 
lution,  while  the  carriage  is  lowered.  The  telephone  click  is  heard  by  the 
subject  and  the  reaction  is  recorded  by  the  marker.  After  a  few  turns  of 
the  drum  the  switch  is  again  closed,  while  the  carriage  is  lowered  as  before. 
As  many  records  as  possible  are  obtained  on  the  drum.  The  paper  is 
removed  and  varnished. 

D.  Computing  the  results.  The  average  and  the  probable  error 
are  found  for  the  reaction  experiments.  Since  the  latent  time  of  the 
marker  is  included  in  the  recorded  time,  its  amount  must  be  subtracted 
in  order  to  find  the  reaction -time. 

Specimen  record} 

Marker. 
tn  V  m 

2  O  174 

2  O  124 

2  O  156 

2  O  130 

2  O  166 

20  ^ 

154 


7)1045 


Reaction. 

V 

1/2 

24.7 

610.09 

25.3 

640.09 

6.7 

44.89 

19-3 

372.49 

16.7 

278.89 

8-3 

68.89 

4.7 

22.09 

6)2037.53 

10)339-59 

33.96 

M9-3 

•33^  =  5.8 

^X5.8  =  3.9 
Latent  time  of  marker,  a  =  2«',  r  =  o;  Reaction-time,  a  =  I49<r  —  2<^  =  I47<^,   r  =  3.9 

*  Results  for  I2  students  in  1896  are  given  in  the  following  table  : 

Marker. 
Latent    Average 
time,     variation. 
A       1  o 

B      I  o 

Do  o 

£3  o 

F      3  o 

G      3  o 

Mo  o 

No  o 

O      1  o 

P      \  o 

Q      2  o 

K      \  o 

Average :      2  o  137  21 

The  different  latent  times  for  the  marker  are  due  to  different  adjustments  of  the  s[)ring. 


Subject. 

Reaction 

Average 

time. 

variation. 

116 

6 

146 

16 

168 

24 

125 

15 

143 

12 

170 

27 

167 

14 

152 

14 

164 

31 

122 

18 

107 

20 

ICO 
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Points  to  be  noted. 

I.  The  determination  of  the  reaction-time  of  the  subject  was  closely 
analogous  to  that  of  the  latent  time  of  the  marker ;  it  would  be  quite 
justifiable  to  speak  of  the  '*  reaction-time  of  the  marker  "  or  the  **  latent 
time  of  the  subject."  2.  Since  the  probable  error  of  the  marker  was 
o,  the  probable  error  for  the  reaction  records  must  be  a  personal 
quantity  of  the  subject. 

Questions, 

I.  How  would  you  proceed  to  determine  the  latent  time  for  a  spark 
coil?  2.  What  mental  element  that  was  measured  in  Ex.  IX  is  present  in 
the  subject's  reaction? 

ExERQSE  XL — Regulated  rhythmic  action.. 

(Needed :  recording  drum,  mntca-^  xoo  v.  d.  fork,  fork  support,  automatic  make, 
flounder,  break  key,  spark  coil,  condenser,  smoking  and  varnishing  arrangements,  bat- 
teries of  I  A,  2  and  3A,  and  4A. ) 

Apparatus, 

The  automatic  contact  (Fig.  17)  is  attached  to  one  of  the  posts  of  the 
drum  by  the  screw  E  through  the  rubber  block  V.  A  projecting  pin  in 
the  drum  strikes  the  spring  arm  B  and  depresses  it  slightly  for  an  instant. 


The  current  is  brought  to  the  post  A  and  passes  through  the  arm  B 
to  the  platinum  disc  at  G,  Every  time  the  pin  on  the  drum  strikes  B 
contact  is  made  by  G  against  /and  the  circuit  is  closed.  /^  is  a  screw 
with  a  rubber  point  against  which  B  may  rest.  The  automatic  make  may 
be  turned  into  an  automatic  break  by  interchanging  /and  E. 

To  adjust  the  position  of  the  automatic  contact  apparatus  the  screw  E 
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is  loosened  ;  it  is  also  so  arranged  that  it  can  be  swung  entirely  out  of 
the  way  when  not  needed. 

The  remaining  apparatus  is  the  same  as  that  used  in  Ex.  VI. 

The  2 A  current  is  sent  through  the  automatic  make  and  the  sounder' 
in  series. 

The  fork  is  arranged  to  write  on  the  drum  and  to  be  kept  vibrating  as 
in  Ex.  VI. 

The  4A  current  is  sent  through  the  break  current  of  the  key  in  the  way 
explained  in  Ex.  VI. 

The  motor  is  arranged  to  run  the  drum  by  a  belt  connecting  the  two 
pulleys.  The  exact  rate  of  speed  described  is  obtained  by  varying  the 
amount  of  current  sent  through  the  motor. 

Experiments. 

A,  The  current  through  the  motor  is  adjusted  so  that  the  drum  re- 
volves once  a  second.  This  is  tested  by  comparing  the  clicks  during  a 
number  of  seconds  with  the  indicated  seconds  of  a  watch.  Then  the 
subject,  seated  near  the  sounder  and  away  from  the  drum,  taps  on  the  key 
knob  in  time  with  the  clicks.     A  record  is  taken  during  about  15". 

B,  The  drum  is  adjusted  to  revolve  twice  a  second,  and  another  record 
is  made. 

C,  The  dnim  is  adjusted  to  revolve  three  times  a  second,  and  a  record 
is  made. 

With  a  full -width  paper  on  the  drum  all  the  experiments  can  be  ob- 
tained on  one  sheet. 

D,  The  zero-line  is  found  as  in  Ex.  VII. 

E,  Varnish  and  dry  the  paper. 

F,  Read  ten  successive  results  to  the  i/iooo  sec.  in  each  record  ;  dis- 
tances to  the  left  of  the  zero-line  are  — ,  to  the  right  +. 

G,  Compute  the  constant  errors  (the  latent  time  of  the  sounder  is 
subtracted)  and  the  probable  errors  (see  Ex.  III). 


*The  sounder  has  an  electric  contact  arranged  to  close  a  circuit  at  the  moment  it  strikes 
(a  telegraph  relay  may  be  used).  Its  latent  time  for  a  current  of  2  amperes  can  be  de- 
termined and  marked  on  it.  A  convenient  way  of  determining  the  latent  time  is  to  con- 
nect the  contact  of  the  sounder  with  the  wires  from  C  of  the  battery  in  Fig.  7,  while 
the  wires  from  G  are  connected  to  the  primary  poles  of  the  spark  coil.  The  condenser 
is  also  attached  to  the  primary  poles.  As  the  contact  points  of  the  sounder  strike,  the 
cuirent  which  passes  through  i9,  6' and  the  coil,  is  short  circuited;  this  is  practically 
equivalent  to  its  being  interrupted  ;  a  spark  record  is  therefore  made  as  usual. 
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Specimen  record} 


Speed 

/. 

speed  2. 

1 

speed  3, 

m 

V 

v« 

m 

V 

r« 

m 

V 

tA 

+  51 

6.0 

36.00 

+  10 

7.6 

5776 

—  5 

3.3 

ZO.89 

+  39 

6.0 

36. 

—  7 

9.4 

88.36 

—  2 

0.3 

0.09 

+  40 

50 

25. 

+   6 

3.6 

12.96 

—  3 

1-3 

1.69 

+  47 

2.0 

4. 

+  15 

12.6 

158.76 

+  1 

2.7 

7.29 

+  41 

4.0 

16. 

— 12 

14.4 

207.36 

—  3 

13 

1.69 

+  53 

8.0 

64. 

+   3 

0.6 

0.36 

—  4 

2.3 

5.29 

+  50 

50 

25. 

—   1 

3-4 

11.56 

—  5 

3-3 

10.89 

+  41 

4.0 

16. 

—  7 

9-4 

88.36 

+  1 

2.7 

7.29 

+  44 

I.O 

I. 

+   8 

5.6 

3136 

+  2 

3.7 

1369 

+  44 

I.O 

I. 

+   9 

6.6 

43.56 

—  I 

0.7 

0.49 

+45.0                   9)224.00        +51                9)700.40  +4  9)5930 

10)25.00  — 27                10)77.82  — 23                  10)6.59 

2.50  4-2.4                       7.78  —^7                      0.66 

^^2150=1. 6                      1/7178  =  2.8  V^a66  =  o.8 

%Xi.6=i.i                   %X2.8  =  i.9  %Xo.8=o.5 

rt^+38.o±i.i               a= — 46rbi.9  <»  =  —  87^10.5 


Points  to  be  noted, 

I.  There  is  a  continual  estimate  of  the  time  interval  and  an  anticipa- 
tory reaction  ;  this  estimate  is  corrected  every  time  by  occurrence  of 
the  sound.  2.  The  signs  of  +  or  —  for  the  constant  errors  and  the 
largeness  or  smallness  of  the  probable  errors  are  quite  different  for  dif- 
ferent subjects.  *     3.  One  of  the  speeds  is  specially  fevorable  to  regularity. 


1  The  following  table  gives  the  results  for  13  students  in  1896 : 

Speed  /.  Speed  2.  Speed  j. 

Constant  Average   Probable  Constant  Average   Prob.  Constant  Average  Plrob. 


error. 

variation. 

error. 

error. 

variation. 

error. 

error. 

variation. 

error. 

A 

+    51 

25 

7.0 

—  28 

9 

2.5 

-f  20 

19 

5-3 

B 

+    44 

75 

21.0 

-84 

32 

9.0 

—   9 

20 

5.6 

C 

—   53 

22 

6.2 

—  23- 

-     19 

5-3 

+  75 

17 

4.8 

D 

+    14 

57 

16.0 

—  42 

15 

4-2 

+   2 

18 

50 

E 

—   31 

19 

5.3 

—  30 

17 

4.8 

—  10 

7 

2.0 

F 

—  57 

32 

9.0 

—  20 

10 

2.8 

—  25 

10 

2.8 

I 

—   57 

25 

7.0 

+  36 

33 

9.2 

—  33 

19 

5-3 

J 

—  105 

37 

10.4 

—  57 

13 

3.6 

86 

20 

5.6 

0 

+    12 

60 

16.8 

+  10 

19 

5-3 

+  37 

30 

8.4 

Q 

+   29 

19 

5-3 

+  10 

7 

2.0 

+  25 

7 

2.0 

R 

+    15 

20 

5.6 

—   8 

II 

31 

+  14 

6 

1.7 

S 

28 

114 

3»-9 

86 

16 

4.5 

—  5 

7 

2.0 

T 

+   72 

41 

II. 5 

-89 

83 

23.2 

—  40 

5 

14 

*See  New  Psychology,  182. 
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Questions, 

I.  How  should  these  experiments  have  been  performed  in  order  to 
eliminate  practice  and  fatigue?  (See  Ex.  Ill,  etc.)  2.  A  comparison 
of  the  results  with  each  other  and  with  those  of  other  individuals  would 
be  likely  to  give  some  information  of  a  person's  mental  constitution  in 
regard  to  promptness  and  reliability  of  response ;  what  conclusions  do 
you  draw  from  your  record  ? 


Exercise   XII. — Simple  and  complex  reaction-time. 

(Needed  :  recording  drum,  100  v.  d.  fork,  fork  support,  multiple  key,  2  condensers, 
reaction  key,  telephone,  resistance  box,  switch,  telegraph  key,  sounder,  3  batteries  of  I  A, 
one  battery  of  4A. ) 

Apparatus. 

a.  Recording  drum,  spark  coil,  condenser,  fork,  fork  support,  reaction 
key.     See  Exercises  IX,  X  and  XI. 

b.  Multiple  key}  This  is  a  key  having  two  levers,  the  upper  one  sup- 
ported on  a  rod  with  center-bearings  and  the  lower  one  on  the  rod  as  an 
axle.  They  are  carefully  adjusted  so  that  both  rotate  around  the  same  axial 
line.  The  upper  lever  is  held  down  at  the  back  by  an  adjustable  spring ; 
the  position  and  the  extent  of  its  movement  are  regulated  by  two  adjust- 
ing screws  that  strike  short  upright  rods.  In  front  of  the  axis  there  are 
two  contact  screws  on  the  upper  lever.  Opposite  ta  them  there  are  two 
platinum  points  on  the  lower  lever.  Either  one  of  the  upper  screws  can 
be  made  to  strike  the  opposite  point  on  the  lower  lever.  If  a  circuit  is 
brought  to  a  contact  screw  and  its  opposite  point,  it  will  be  closed  when- 
ever the  upper  lever  is  pressed  downward.  The  current  from  a  lA  bat- 
tery is  brought  to  the  two  binding-posts  connected  with  such  a  pair  of 
contacts,  and  the  closing  of  the  circuit  is  observed. 

At  the  back  of  the  lower  lever  there  are  two  contact  screws  opposite  the 
contact  points  in  the  base.  The  rearmost  of  these  screws  is  turned  some- 
what more  than  the  other  one ;  it  will  then  rest  on  its  contact  point  owing 
to  the  pressure  of  a  spring  in  front.  The  4A  current  is  sent  through  the 
contact.  Whenever  the  knob  of  the  key  is  pressed  so  that  the  front  con- 
tact is  made,  the  rear  contact  is  broken.  Thus  the  4A  circuit  is  broken 
at  the  moment  the  lA  circuit  is  made. 

The  spark  coil  is  placed  in  the  4A  circuit  and  the  condenser  is  arranged 
around  the  break,  as  in  Ex.  IX.  Observe  that  each  pressure  on  the  knob 
makes  a  spark  on  the  drum. 


*  See  above   p.  81. 
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Insert  the  telephone  in  the  i  A  circuit.  Observe  that  a  spark  is  made 
whenever  the  telephone  clicks. 

Insert  the  reaction  key  with  a  condenser  in  the  4A  circuit.  Observe 
that  a  spark  is  made  whenever  the  reaction  occurs. 

Observe  that  after  the  4A  circuit  is  broken  by  the  multiple  key  no 
sparky  is  made  by  the  reaction  key.  This  circuit  must,  therefore,  be 
closed  again  after  the  break  by  the  multiple  key.  At  the  front  of  the 
lower  lever  there  is  an  adjustable  contact  point  which  dips  into  a  cup  of 
mercury  covered  by  water.  Connect  the  framework  of  the  key  to  one  of 
the  posts  for  the  back  contact  and  the  mercury  cup  to  the  other  one. 
Adjust  the  contact  point  so  that  it  is  just  above  the  surface  of  the  mercury. 
Observe  that  as  the  key  is  depressed  the  4A  circuit  is  broken  and  then 
immediately  closed  again,  so  that  it  is  ready  for  a  break  by  the  reaction 
key. 

There  are  thus  two  sparks  made  ;  one  at  the  moment  of  the  telephone 
click  and  another  at  the  moment  of  reaction.  By  laying  wires  from  the 
secondary  poles  of  the  coil  to  the  fork  and  the  drum,  as  in  Ex.  IX,  a 
record  of  the  time  between  these  two  sparks  is  obtained. 

c.  Telephone^  resistance  and  switch.  The  telephone  has  already  been 
inserted  in  the  lA  circuit ;  a  shunt  switch  is  now  inserted  in  the  same 
circuit.  The  wires  are  brought  to  the  two  binding  posts ;  when  the 
switch  is  closed  the  current  can  pass  through  the  telephone,  but  when 
it  is  open  the  current  cannot  pass.  A  resistance  box  (or  a  length  of 
resistance  wire)  is  connected  around  the  switch,  i.  e.,  its  two  poles  are 
connected  to  the  two  posts  of  the  switch.  When  the  switch  is  now 
opened,  the  current  can  pass  by  way  of  the  resistance,  which  is  adjusted 
so  that  the  sound  from  the  telephone  is  weakened.  When  the  switch  is 
closed  the  current  can  pass  in  practically  full  strength  through  the  tele- 
phone and  produce  a  loud  sound. 

■  d.  Sounder  and  key.  An  independent  circuit  is  made  to  pass  through 
a  telephone  sounder  and  a  telegraph  key  ;  a  pressure  on  the  key  produces 
a  click  of  the  sounder. 

e.  Arrangement,  The  multiple  key  is  placed  beside  the  drum  so  that 
the  right  hand  can  manipulate  it  readily  while  the  left  hand  turns  the 
handle  of  the  marker-support  on  the  drum.  The  telegraph  key  is  placed 
beside  the  multiple  key.     The  switch  is  placed  just  beyond. 

Long  wires  are  now  inserted  in  the  recording  circuit  (multiple  key 
and  reaction  key),  in  the  stimulus  circuit  (multiple  key  and  telephone) 
and  in  the  warning  circuit  (telegraph  key  and  sounder)  so  that  the 
reaction  key,  telephone  and  sounder  may  be  taken  to  a  distant  part  of  the 
room  (or  another  room). 
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Experiments, 

A.  Reaction  with  continuous  expectation.  The  experimenter  sets  the 
drum  in  rotation  and  then  taps  a  few  times  on  the  telegraph  key.  The 
switch  is  left  closed.  The  subject  holds  the  telephone  to  the  ear  and 
takes  the  reaction  key  in  the  hand  as  in  Ex.  X.  He  is  to  be  constantly 
attentive  and  to  react  whenever  the  telephone  clicks.  The  experimenter 
begins  to  move  the  marker  carriage  slowly  and  continues  to  do  so  while 
he  presses  the  multiple  key.  Two  sparks  will  be  seen,  one  from  the 
multiple  key  and  one  from  the  reaction  key ;  the  multiple  key  is  then 
released  and  the  movement  of  the  carriage  stopped.  The  experiment  is 
repeated  for  about  lo  times  at  intervals  of  about  15'. 

B.  Reaction  with  specialized  expectcUion,  The  experimenter  pro- 
ceeds as  before,  except  by  giving  a  warning  signal  on  each  occasion  about 
2yi*  before  the  stimulus  is  produced.  This  he  doos  by  tapping  the  tele- 
graph key  before  pressing  the  multiple  key.  The  subject  is  not  to  ex- 
pect the  telephone  sound  except  when  warned  by  the  sounder.  Ten  ex- 
periments, as  before. 

C.  Reaction  with  discrimination  and  choice.  The  subject  is  to  react  to 
the  weaker  sound  and  not  to  the  louder  one.  The  experimenter  pro- 
duces them  in  irregular  order  by  manipulating  the  switch  before  each 
experiment.     The  procedure  is  as  in  C.     Ten  experiments. 

ComputcUion. 

The  record  sheet  is  removed  from  the  drum  and  varnished  as  in  Ex. 
VII.  The  latent  time  of  the  sounder  (known  from  Ex.  XI)  is  allowed 
for  as  each  recorded  is  counted.  The  averages  and  probable  errors 
are  calculated.  Denote  the  averages  by  a^  b  and  r,  and  the  prob- 
able errors  by  r^,  r^  and  r^.  Find  p  ^=i  b  —  a,  q  ^^,c  —  b,  s  =  r^^  —  r^, 
and  t=  r^  —  r^.  The  quantity  p  gives  the  lengthening  (  -f- )  or  shorten- 
ing ( — )  in  the  reaction-time  due  to  the  specializing  of  expectation  ;  s 
gives  the  increase  (  +  )  or  decrease  ( — )  in  irregularity  for  the  same 
cause ;  q  gives  the  lengthening  due  to  the  introduction  of  additional 
mental  processes ;  and  /  gives  the  increase  in  irregularity  for  the  same 
cause. 

Points  to  be  noted, 

I.  To  eliminate  progressive  and  other  errors  the  phenomena  A,  B  and 
C  should  be  investigated  in  pairs  ;  thus  on  one  occasion  A  and  B  should 
be  investigated,  and  B  and  C  on  another.  2.  More  mental  labor  is  re- 
quired of  the  subject  in  A, 
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Questions, 

I.  In  determining  the  difference  between  A  and  B,  how  would  you 
proceed  in  order  to  avoid  progressive  errors?  2.  In  determining  the  dif- 
ference between  B  and  C,  on  what  system  would  you  arrange  the  experi; 
ments  in  order  to  equalize  differences  that  might  arise  from  employing 
two  intensities  of  sound  ? 


EXERaSE   XIII. — ^TlME   ESTIMATES. 

(Needed:  kymograph,  contact  attachment,  2  Meumann  contacts,  250  v.  d.  foik, 
fork  box,  10  V.  d.  fork,  Marey  recording  tambour,  induction  coil,  telephone,  key,  spark 
coil,  condenser,  plain  recording  point,  lA  battery,  4A  battery,  smoking  and  varnishing 
arrangements,  cross-section  paper. ) 

Apparatus. 

a.  Kymograph.     As  in  Ex.  VIII. 

b.  Contact  attachment}  The  support  is  screwed  to  the  base  of  the 
kymogragh.  The  projecting  gear  wheel  is  adjusted  to  fit  to  the  gear 
wheel,  that  has  been  plaqed  on  the  axle  of  the  kymograph.  As  the  kymo- 
graph moves,  the  arm  on  the  contact  attachment  passes  over  the  graduated 
circle. 

c.  Meumann  contact}  A  metallic  star  with  six  arms  is  held  to  a  rub- 
ber block  by  a  screw  in  the  center.  At  each  rotation  of  the  projecting 
arm  it  strikes  an  arm  of  the  star  and  rotates  it  by  ^  of  a  revolution. 
Three  of  the  arms  bear  small  screws  which  touch  two  metallic  points 
sunk  in  the  rubber  block.  The  rubber  block  is  fixed  to  the  circle  of  the 
contact  attachment  by  the  projecting  screw. 

Let  the  circuit  from  the  lA  battery  be  sent  through  the  back  binding- 
post  and  the  left-hand  side  post  of  a  contact.  The  circuit  is  completed 
every  time  an  arm  bearing  a  screw  passes  over  the  sunken  contact,  and  is 
broken  every  time  the  screw  arm  is  moved  off.  Consequently  the  central 
arm  alternately  closes  and  opens  the  circuit  as  it  passes  this  block.  If  a 
current  producing  a  tone  were  sent  through  this  contact,  the  tone  would  al- 
ternately be  turned  on  and  off.  A  red  mark  on  the  block  opposite  the 
graduated  circle  serves  to  indicate  when  the  circuit  is  closed. 

The  second  contact  is  connected  in  series  with  the  first  one.  The  two 
side  posts  of  this  contact  are  connected  together ;  the  circuit  is  broken 
when  the  arm  of  the  star  moves,  but  is  immediately  closed  again  by  a 


iFig.  236  in  WuNDT,  Physiol.  Psychol.,  II  424,  Leipzig,  1893. 
*Fig.  5  in  Meumann,  Beitrdge  zur  Psychohgie  des  Zeitbrumsstseins^  Philos.  Stud., 
1896  XII  147. 
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contact  point  reaching  the  second  sunken  contact.  A  white  mark  on  the 
block  indicates  when  the  circuit  is  broken. 

Consequently:  i.  the  current  passes  through  the  second  block  only 
when  it  passes  through  the  first  one,  i.  e.,  at  alternate  revolutions  of  the 
central  arm  ;  2.  the  current,  when  passing,  is  broken  for  a  brief  instant 
at  the  second  block. 

//.  2^0  V,  d.  fork.  Same  as  100  v.  d.  fork  of  Ex.  IX,  except  in  the 
rate  of  vibration,  which  is  250  times  a  second. 

e.  Fork  box.  This  is  a  box  padded  with  felt.  Wires  from  the  inside 
are  brought  to  binding  posts  on  the  outside.  The  fork  is  put  in  the  box 
and  connected  to  the  wires. 

/.  10  V,  d.  fork.  This  fork,  vibrating  10  times  a  second,  is  hung  from 
a  strong  support.  One  prong  carries  a  sliding  collar  connected  by  a  small 
link  to  the  metal  disc  on  the  top  of  a  tambour.  As  the  fork  vibrates,  the 
movement  is  mechanically  transmitted  to  the  air  of  the  tambour.  The 
amplitude  of  the  movement  of  the  top  of  the  tambour  is  regulated  by  mov- 
ing the  collar  along  the  prong.  The  tension  of  the  rubber  top  is  adjusted 
by  means  of  the  jamb  nuts  that  clamp  the  tambour  to  the  support. 

g,  Marey  recording  tambour.     As  in  Ex.  VIII. 


Fic;.  18. 

h.  Induction  coil.  This  consists  of  a  short  primary  circuit  of  coarse 
wire  (red)  and  a  longer  coil  of  thinner  wire  (green).  The  two  coils  are 
not  connected ;  the  secondary  one  is  loose  and  can  be  placed  anywhere. 

/.  Key,  The  key  of  Ex.  IX  is  used ;  only  the  rear  (or  break)  con- 
tact is  employed.  The  condenser  is  connected  to  the  key  around  the 
break. 

j.  Spark  coil.     As  in  Ex.  IX. 

k.  Plain  recording  point,  A  brass  arm  terminated  by  a  flexible  steel 
point  of  pendulum  wire  is  attached  to  a  small  rubber  block  by  a  thumb 
screw  (Fig.  18).  The  opening  through  which  the  screw  passes  is  elon- 
gated to  allow  adjustment  of  the  point  lengthwise.  During  the  ex- 
periment the  point  is  adjusted  to  lightly  touch  the  surface  of  the  drum. 


L  SmM^gmmd  vmrmskit^.     As  in  Ex.  VIL 

mu  Tkmi^g  tke  dnum.  The  Mmley  tambour  is  ad^osted  so  as  to  write  ok 
the  dnm.  The  tube  is  coonected  with  die  tambour  of  the  10  r.  d.  fork. 
A  blow  is  struck  on  one  prong  of  die  fork  and  die  tambour-point  Tflsaies 
10  times  a  second.  As  the  drmn  levohres,  the  time  line  is  dcawn  on  it. 
Adjust  die  dnmi  to  icirolie  once  in  9  seconds.  * 

m.  A^mstwumi  cf  the  t0mt,  Brii^oneof  the  wires  from  die  lAbattcnr 
to  the  fork  by  way  of  the  fork  box  und  from  the  fork  through  die  priaurf 
ciicuitof  die  induction  coil  back  to  tbebatterj.  Connect  die  ends  of  die 
secondary  coil  to  the  telephone  and  lay  the  coil  beside  die  primary  one. 
A  tone  is  heazd  in  die  telephone  when  die  fork  is  set  vibrating. 

Break  into  the  telephone  circmt  and  by  extra  wires  insert  die  star  con- 
tacts (which  have  already  been  connected  together  as  descrflxd  under  r). 
When  die  kymograph  is  nmning,  a  tone  will  be  turned  on  and  then  inter- 
rupted for  an  instant ;  diis  occurs  at  alternate  revolutions. 

o,  AdjusHmg  the  spark  record.  The  current  from  die  4A  battery  is  run 
through  the  break  key  and  through  the  primary  circuit  of  die  spark  cotl. 
The  condenser  nmst  be  omnected  around  die  break.  The  simple  record- 
ing point  is  connected  to  one  of  die  secondary  poles»  the  drum  to  the 
other.  AVhenever  the  key  is  tapped,  a  ^nrk  flies  from  die  point  to  the 
drum. 

/.  Drawing  Uu  zera^nes.  Place  the  first  contact  with  its  red  mark  at 
o^.  Loosen  the  back  screw  B  (see  Fig.  rj)  of  the  kymograph.  Turn 
the  dnim  slowly  till  the  tone  is  first  heard.  Draw  a  zero-line  by  low- 
ering the  drum  axially  by  the  handle  H.  This  line  indicates  die  moment 
at  which  the  tone  begins.  With  the  second  contact  at  40^  turn  the 
drum  further  until  the  tone  has  been  interrupted  and  just  begun  again ; 
draw  another  zero-line,  which  indicates  the  moment  at  which  die  second 
tone  begins.  Place  the  second  contact  at  80^  and  then  at  120^  and  draw 
zero-lines  as  before. 

Expirinunis. 

A.  Measuring  the  time  estimate  for  a  tone  of  one  second.  Place  the 
contacts  so  tbat  the  red  and  white  indicating  points  are  40*  apart.  This 
will  give  a  tone  lasting  one  second,  then  a  moment's  interruption  (  *<  of 
a  sec. )  and  thereafter  another  tone. 

The  subject  is  seated  with  eyes  closed.  The  kymograph  is  set  in 
motion.  The  tone  begins,  is  interrupted  for  an  instant  and  is  b^un 
again.     When   the   subject   thinks   that  it  has  lasted  as  long  after  the 


'  If  desired,  the  dram  may  be  tiincd  by  a  watch,  by  the  method  used  in  Ex.  \T1L  cr 

by  an  electric  fork. 
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interruption  as  it  did  before,  he  presses  the  key.  After  a  few  prelimi- 
nary experiments  for  the  sake  of  practice,  the  experimenter  lowers  the 
drum  slightly  (by  the  small  handle  at  the  top)  after  each  experiment. 
Six  records  are  taken. 

B,  Measuring  the  time  estimate  for  two  seconds.  The  contacts  are 
placed  at  80^  apart  and  the  experiments  are  repeated.     Six  records. 

C  Measuring  the  time  estimate  for  three  seconds.  The  contacts  are 
placed  120^  apart.     Six  records. 

D,  Mecmiring  the  time  estimate  for  four  seconds.  The  contacts  are 
placed  160^  apart.     Six  records. 

Computation, 

Cut  off  a  piece  of  the  time-line.  Use  it  as  a  scale,  reading  the  loths 
of  a  second  and  estimating  the  looths.  The  records  for  i  second  are 
placed  in  the  first  column,  those  for  2  seconds  in  the  fourth  column,  etc. 
The  average  is  found  for  each  column.  The  probable  errors  are  also 
computed. 

Let  the  standard  interval  be  indicated  by  T  and  the  interval  as  esti- 
mated by  /.  Find  the  constant  error  ^  =  /  —  7*  for  each  value  of  T. 
Thus  for  T'sss  i  sec.  and  /  =s  85,  r  =«  85  —  100  =  —  15. 

In  this  way  two  series  of  values,  the  constant  error  c  and  the  probable 
error  r,  are  obtained  for  the  series  of  values  used  for  T^,     Put  c  = 
/(7^  and  r^  F  (7^,  as  explained  in  Ex.  III.     Plot  the  curves  for 
these  functions  as  explained  in  Ex.  I.  and  II. 

Points  to  be  noted, 

I.  Note  the  tendency  to  underestimate  long  intervals  of  time.  Ex- 
tremely short  intervals  are  overestimated.     2.  The  reaction-time  is  not 

1  Results  for  9  students  in  1896  are  given  in  the  following  table.  In  tfaiis  case  the  time 
was  measured  from  the  beginning  of  the  first  tone  to  the  beginning  of  the  second. 

I  Sec.  2  Sec.  3  Sec.  4  Sec. 

Const.  Aver.  Prob.      Const.  Aver.  Prob.      Const.  Averv  Ptob*      Const.  Avef.  Prob. 
error,    var.     error,      error,    var.    error.       error,    var.    error.      error,     var.    error. 

C    -I-17      13      3-6        4-69        8       2.2        -f8i       20      5.6       4-  84      26       7.3    . 
G    -I-21      13      3.6        —28      20       5.6        —73       12      3.4       —109      15       4.2 
/    — 23      10      2.8        -7-22      36     10. 1        — 57      50    14.0       —  86      40     11.2 


JC  +  1 

9 

2-5 

—52 

9 

2.5 

-70 

20 

5.6 

—  49 

18 

5.0 

0  —66 

4 

I.I 

—88 

10 

2.8 

—28 

22 

6.2 

—  50 

28. 

7.8 

P  -23 

8 

2.2 

+41 

27 

7.6 

-63 

21 

5.9 

—135 

42 

II. 8 

li   -7 

II 

31 

+2^ 

15 

4.2 

+  3 

12 

3.4 

—    7 

18 

5.0 

•5+25 

14 

3-9 

+11 

28 

7.8 

-87 

8 

2.2 

—149 

18 

5.0 

7    —13      12      3.4        —92      21       5.9        -1-35      62    17.4      —104      37     10.4 
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t6  be  subtracted  from  the  second  interval,  because  the  subject  involun- 
tarily times  his  movement  to  occur  at  the  point  desired ;  see  Ex.  XI. 

Questions, 

* 

I.  These  experiments  are  frequently  referred  to  as  being  on  the 
"  time-sense"  or  **  time-consciousness."  How  would  you  define  such  a 
term  scientifically?  Compare  Ex.  IV  (Point  2).  2.  What  mental 
characteristics  would  be  indicated  by  a  large  negative  constant  error  and 
a  larg^  probable  error  ? 

ExERQSE  XIV — Complex  reaction-time.  - 

(Needed:  pendulum  chronoscope.^) 

Apparatus, 

An  accurately  adjusted  double-bob  pendulum  is  held  by  a  catch  at  the 
right-hand  side.  The  light  pointer  is  caught  on  the  projecting  arm  of 
the  i)endulum. 

The  chronoscope  is  first  leveled  by  placing  a  spirit  level  on  the  base  in 
a  line  parallel  to  the  front ;  the  screws  of  the  two  fore-legs  are  turned  till 
the  bubble  of  the  level  is  in  the  middle.  The  level  is  then  turned  at 
right  angles,  and  the  screw  of  the  rear  leg  is  turned. 

The  large  milled  head  in  front  is  turned  clockwise  as  £sir  as  it  will  go, 
thereby  closing  the  shutter  and  setting  the  reaction  button  at  the  back. 

When  the  experimenter  prq^sesthe  release  at  the  right,  the  pendulum 
swings  forward,  releasing  the  shutter  by  striking  a  pin  opposite  the  place 
where  the  pointer  indicates  zero.  When  the  subject  presses  the  reaction 
button,  a  horizontal  bar  behind  the  pointer  clamps  it  to  the  scale.  The 
graduation  on  the  scale  gives  the  time  between  the  fall  of  the  shutter  and 
the  pressing  of  the  button.  This  scale  is  established  by  direct  compari- 
son with  fork  records  on  the  drum  in  a  manner  similar  to  methods  em- 
ployed in  Ex.  VII.  The  figures  on  the  scale  indicate  looths  of  a 
second  ;  in  this  exercise  the  readings  are  to  be  in  looths,  not  loooths. 

In  executing  an  experiment  the  pendulum  is  placed  at  the  right,  the 
pointer  is  carefully  caught  on  it,  and  the  milled  head  is  turned.  Red 
and  white  slips  are  inserted  alternately  in  the  vertical  exposure  wheel. 
The  subject  is  comfortably  seated  with  his  finger  on  the  reaction  button  ; 
he  is  to  press  the  button  as  soon  as  the  shutter  drops.  The  pendulum  is 
released  and  the  experiment  is  made  ;  this  is  repeated  until  familiarity 
with  apparatus  and  method  is  attained.  The  experimenter  says  '*  Now" 
about  two  seconds  before  each  experiment. 

iSee  Stud.  Yale  Psych.  Lai?.,  1895,  III  98,  and  New  Psychology,  Ch.  IX. 
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The  individual  experiments  should  be  separated  by  about  10  seconds  ; 
the  groups  by  at  least  30  seconds.  When  a  group  is  begun,  three  or 
four  experiments  should  be  first  taken  without  making  any  record  of  them. 
The  subject  must  not  know  his  results. 

Experiments, 

A,  Simple  reaction.  The  exposure  wheel  is  turned  so  that  a  red  slip  is 
behind  the  shutter.  The  subject  knows  the  color  to  be  shown ;  he  is  to 
press  the  button  just  as  soon  he  sees  it.  Five  records  are  taken  ;  the 
results  are  placed  in  the  column  m^ 

B,  Reaction  with  discrimination.  The  subject  is  to  react  every  time 
as  before,  but  is  to  see  the  color  distinctly  before  reacting.  The  experi- 
menter at  each  experiment  gives  the  exposure  wheel  a  twirl,  letting  it 
stop  on  whichever  notch  it  happens  to  strike.  If  it  stops  between  t^o 
colors  it  is  turned  to  the  next  notch.  The  presentation  of  the  colors  is 
tkus  a  matter  of  chance.     Five  records  ajne  made  ;  column  m^, 

C,  Reaction  with  discrimination  and  choice.  The  subject  is  to  react 
only  to  red ;  for  white  he  is  to  remain  still.  The  wheel  is  twirled  as 
before.  Five  records  are  made.  An  account  is  also  kept  of  the  num- 
ber of  mistakes ;  column  m^, 

D,  Same  as  C,  but  with  reaction  to  white  and  rest  to  red  column  m^^ 

E,  Same  as  B ;  colimin  m^. 

F,  Same  as  A^  but  with  white  instead  of  red ;  column  m^. 

The  simple  reaction  time  is  composed  of  tiKO  iBental  processes,  sensa- 
ti<im  and  v<^tion.  The  extra  process  introduced  in  experiments  C  and 
E.  is  known  as  discrimiimdcm ;  the  average  for  m,  substracted  from  that 
for  m^  will  give  the  discrimination  time.  The^  process  introduced  in  B. 
and  D.  is  known  as  choice ;  the  average .  for  m,  from  that  for  mi,  will 
give  the  time  of  choice. 


Specimen 
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V0.09  =  0.3  1/0.65  =  o«8  V^3.i6  =  1.8 

5^X0.3  =  0.2  JiXo.8x»o.5  J^X  1.8  =  1.2 

Simple  re«ction-ttme  :  ^i  =:  2X.  i,  r|  =  o. 2. 

Reactioa  with  discrimination:  a,  =328.9,  '3  =  0.5. 

Reaction  with  discrimination  and  choice:  ^^=39.9,  r,=  l.2. 

Discrimination-time,  </=  a,  —  a^  =  7. 8. 

Choice-time,  r  =  tfj  —  a,  =  11.0. 

Points  to  be  noted. 

I.  The  empirically  established  scale  takes  up  the  errors  of  the  appa- 
ratus. 2.  The  results//  and  c  are  termed  ''discrimination-time*'  and 
** choice-time;"  these  terms  are  to.be  defined  by  giving  the  manner 
in  which  the  results  were  obtained.  They  are  not  to  be  defined  as  the 
times  required  for  the  execution  of  two  processes  known  as  discrimina- 
tion and  choice  which  are  defined  in  some  other  way.  2.  We  would  ex- 
pect that  tf,  —  a^-=id -Y  c^  but  this  will  rarely  happen  in  performing  the 
exercise  owing  to  unavoidable  sources  of  error  in  the  untrained  subject. 

Questions, 

I.  What  would  probably  have  been  the  change  in  the  results  if  the  ex- 
perimenter had  arbitrarily  placed  the  colors  instead  of  allowing  the  selec- 
tion by  chance  and  if  the  subject  had  known  this  fact?  2.  Why  is  the 
probable  error  larger  for  a,  than  for  a^  ? 


Exercise  XV. — Association-time. 

(Needed:  pendulum  chronoscope,  cards  with  words,  chin  key,  2A  extra-circuit 
battery. ) 

Apparatus. 

a.  Pendulum  chronoscope.  See  Ex.  XIII.  An  electromagnet  beneath 
the  base  is  arranged  to  operate  the  reaction-key  whenever  the  current  is 
.sent  through  it.     The  poles  are  at  the  posts  marked  C  and  D. 

b.  Cards  with  words.  Two  sets  of  small  cards  for  the  exposure  wheel 
are  placed  beside  the  apparatus.  One  set  is  to  be  used  by  each  experi- 
menter ;  it  must  not  be  seen  by  the  subject ;  therefore  the  boxes  contain- 
ing the  sets  are  not  to  be  opened  until  everything  has  been  arranged  for 
taking  records. 

c.  Chin  key.  This  is  the  modified  telegraph  key  of  Ex.  IX.,  ar- 
ranged for  a  break  contact  only,  as  in  Ex.  XII.  It  is  mounted 
on  blocks  so  as  to  be  just  below  the  chin  of  the  subject.  The  cur- 
rent from  the  2  A  battery  is  brought  to  the  posts  C,  D,  This  causes 
the  straight  bar  behind  the  chronoscope  scale   to  clamp  the  pointer. 
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The  back  contact  of  the  key  is  now  similarly  connected  with  the  battery. 
As  contact  is  made  as  long  as  the  key  is  untouched,  this  acts  as  a 
*' shunt  '*  and  the  current  passes  through  the  key  (almost  entirely)  rather 
than  through  the  longer  and  more  difficult  circuit  of  the  magnet.  Conse- 
quently the  magnet  does  not  act  until  the  key  is  touched.* 

The  subject  is  comfortably  seated  so  as  to  see  the  exposure  opening. 
The  key  is  adjusted  to  bear  lightly  against  his  chin. 

Experiments, 

A,  Sensory  motor  association.  The  experimenter  opens  the  box  con- 
taining the  cardsy  and,  out  of  sight  of  the  subject,  inserts  one  of  them  in 
the  exposure  wheel.  When  the  shutter  falls  and  exposes  the  word  the 
subject  is  to  repeat  the  word  aloud,  always  emphasizing  the  chin  move- 
ment so  as  to  move  the  key  knob.  Three  or  four  experiments  are  taken 
in  order  to  give  practice.  Thereafter  the  wheel  is  filled  with  lo  new 
cards.     Five  records  are  made. 

B,  Association  qfidea^.  Leaving  the  same  cards  in  the  wheel  the  sub- 
ect  upon  seeing  a  word  is  to  call  out  the  first  other  word  that  occurs  to 

him.  Several  experiments  are  made  for  practice.  Ten  new  cards  are 
then  inserted  and  five  records  are  taken.  After  each  record  the  pair  of 
associated  words  is  written. 

C,  Fill  the  wheel  with  ten  cards  more  and  make  five  records  on  asso- 
ciation of  ideas  as  in  B, 

D,  Fill  the  wheel  with  ten  cards  more  and  make  five  records  on  sen- 
sory motor  association  as  in  ^. 

Computation, 

Find  the  average  and  the  probable  error  for  each  kind  of  association. 

If  we  assume  that  in  the  association  of  ideas  an  extra  mental  process  is 
directly  added  to  the  sensory  motor  association,  the  time  for  this  process 
is  found  by  subtracting  the  time  for  sensory  motor  association  from  the 
gross  association-time  as  recorded. 

Points  to  be  noted, 

1.  Note  that  the  larger  characteristic  variations,  as  compared  with  Ex. 
XIII,  may  indicate  any  or  all  of  the  following  sources  :     i.  complexity  of 
the  processes;  2.  presence  of  disturbing  influences  ;  3.   vagueness  in  the 
definitions ;    4.  inadequacy  of  the  methods  of  experimenting. 

2.  Nqte  that  the  subject  is  not  told  to  associate  as  quickly  as  possible. 


1  With  a  lamp  battery  the  connections  are  made  as  in  Fig.  7  ;  the  wires   from  socket 
G  are  brought  to  the  magnet  and  those  from  socket  C  to  the  key. 
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Questions. 

I.  What  is  the  relation  between  simple  reaction  and  sensory  motor  as- 
sociation ?     2.  Why  is  the  latent  time  of  the  magnet  left  undetermined? 


Exercise  XVI. — Reproduction  of  a  tone  by  the  voice. 

(Needed :  100  ▼.  d.  fork,  spark  coil,  condenser,  PuLUj  tube,  simple  switch,  disc 
with  graduated  series  of  dots,  manometric  flame  with  mouthpiece,  motor  with  lamp 
board,  4A  battery. ) 

Apparatus. 

a.  Electric  fork.  The  current  from  the  4A  battery  is  run  through  the 
fork  in  a  manner  similar  to  that  for  the  battery  through  the  fork  in  Ex. 
IX.  To  diminish  the  spark  the  poles  of  the  condenser  (Ex.  IX)  are  con- 
nected to  the  fork  at  each  side  of  the  break,  i.  e.,  at  the  points  closest  to 
the  platinum  wire  and  the  platinum  disc.  One  of  these  points  is  the 
binding  post  at  the  back  of  the  fork  (it  could  not  be  closer  without  in- 
terfering with  the  vibration  of  the  fork)  ;  the  other  is  at  a  screw  on  the 
brass  base  supporting  the  platinun  disc  (not  at  the  binding  post  at  the 
end  of  the  magnet  wire). 

b.  Spark  coil  and  Puluj  tube.  One  of  the  wires  is  removed  from  the 
fork  and  brought  to  one  of  the  primary  poles  P  of  the  coil  (Ex.  IX)  ; 
the  other  pole  P  is  connected  to  the  fork.  The  current  thus  runs 
through  the  primary  circuit  of  the  coil  ;  as  it  is  interrupted  by  the  fork 
100  times  per  second,  100  sparks  occur  at  the  poles  of  the  secondary  coil. 

The  poles  of  the  secondary  coil  are  connected  to  the  posts  of  a  shunt 
switch  (Ex.  XII).  Thread-like  wires  are  led  from  this  key  to  the  poles 
of  the  Puluj  tube. 

The  Puluj  tube  is  a  vacuum  tube  having  between  the  electrodes  a  mica 
plate  coated  with  a  phosphorescent  substance.  When  the  short  circuiting 
key  is  open,  this  surface  gives  a  flash  of  light  at  every  break  in  the  primary 
circuit ;  consequently,  when  the  fork  is  vibrating,  it  flashes  100  times  a 
second.     If  the  flash  is  not  strong,  reverse  the  wires  at  the  poles. 

c.  Disc  with  dot  scale,  A  disc  of  cardboard  is  marked  with  21  rows  of 
dots,  each  row  differing  from  the  next  by  one  dot."  The  disc  is  placed 
on  the  axle  of  a  motor,  to  which  the  current  is  supplied  by  a  lamp-board, 
When  the  disc  is  put  in  rotation  the  dots  fuse  into  a  set  of  gray  rings. 
The  room  is  darkened  and  the  Puluj  tube  is  placed  close  to  the  disc  so 
as  to  illuminate  it.  At  a  certain  speed  of  the  disc  one  of  the  rings  will 
reappear  as  a  series  of  dots  at  rest ;  according  to  the  laws  of  stroboscopic 


*  Fig.  19  is  a  reduced  copy  of  the  original  disc  which  is  75  cm.  in  diameter.     Although 
rather  small,  Fig.  19  can  be  cut  out  and  used  on  the  motor. 
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vision  there  must  then  be  100  dots  in  that  ring  passing  by  the  tube  in  one 
second.  The  neighboring  rings  will  also  break  up  into  dots,  but  the  dots 
will  appear  in  motion ;  those  in  which  less  than  too  pass  per  second  will 
appear  to  move  backward,  while  those  in  which  there  are  more  will  move 
forward.  It  will  sometimes  happen  that  no  ring  will  pass  exactly  100 
dots ;  a  touch  on  the  axle  will  then  slightly  diminish  the  speed.  The 
speed  of  the  motor  is  adjusted  by  varying  the  amount  of  current. 


d.  Manometric  flame .  Illuminating  gas  is  brought  to  the  front  part  of  a 
capsule  (Fig.  20)  from  which  it  issues  as  a  small  jet ;  the  size  of  this  jet  is 
regulated  by  a  small  stopcock.  The  back  of  this  capsule  is  formed  by  a 
thin  membrane.  Back  of  this  membrane  is  a  small  chamber  opening  into 
a'trumpet -shaped  mouthpiece.  Upon  singing  into  this  mouthpiece  the 
membrane  is  made  to  vibrate  by  the  vibration  of  the  air  producing  the 
tone.  The  gas  in  the  capsule  is  likewise  set  in  vibration,  whereby  the 
flame  alternates  between  maximum  and  minimum  of  size  with  every  vibra- 
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lion.  These  vibrations  of  the  flame  can  be  seen  by  moving  the  eyes 
suddenly  sidewise.  The  vibrations  produce  periods  of  light  and  darkness 
just  as  in  the  case  of  the  Puluj  tube.  Thus  if  a  tone  of  loo  vibrations  be 
sung,  there  will  be  loo  flashes  per  second.  By  holding  the  flame  close 
to  the  rotating  disc  that  series  of  dots  can  be  picked  out  in  which  the  num- 
ber of  dots  passing  corresponds  to  the  number  of  vibrations  in  the  flame. 


Fi(..  20. 

Experiments. 

The  experimenter  is  to  pick  out  the  100  row  of  dots,  i.  e.,  the  one 
which  appears  to  remain  motionless  when  illuminated  by  the  Puluj  tube. 
The  subject,  holding  the  capsule  in  his  hand,  is  to  sing  the  same  tone  as 
the  fork.  While  doing  this  he  is  to  move  the  flame  along  in  front  of  the 
disc  until  he  flnds  the  row  of  dots  showing  the  number  of  vibrations  in 
the  tone  sung.  The  experimenter  records  the  number  of  rows  by  which 
this  one  differs  from  the  correct  one ;  toward  the  center  is  — ,  toward 
the  outside  +.  A  difference  of  i  row  means  an  error  of  i  vibration  in 
singing  the  tone. 

The  octave  of  the  fork-tone  is  sung  and  the  error  is  noted  as  before. 
A  difference  of  one  row  means  an  error  of  two  vibrations. 

Ten  records  are  made  on  each  point.  Averages  and  characteristic 
variations  are  calculated. 


Exercise  XVII. — Color  lac. 

( Needed  :  electric  color  wheel  with  speed  indicator,  black  and  red  Maxwell  discs, 
backing  disc,  circular  scale  and  paper  ring  for  discs,  small  telescope  on  Gauss  tripod, 
battery  of  2 A,  simple  switch,  32  c.  p.  lamp,  tape  measure. ) 

Apparatus} 

a.  Color  i/iscs,  A  red  and  black  disc  are  slipped  together  by  means 
of  the  radial  slits.     The  backing  disc  is  an  unslit  one  which  is  placed 

>See  Stud.  Yale  Psych.  Lab.,  1895  III  102,  Fig.  17,  for  a  view  of  the  discs,  motor, 
speed  indicator  and  connections. 
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behind  the  others  iii  order  to  keep  the  edges  from  flapping  when  they  are 
rotated. 

d.  Color  wheel.  The  essential  is  a  rapidly  rotating  axle  with  a  screw- 
nut  for  fastening  the  discs  against  a  flange.  This  is  best  obtained  by  using 
an  electric  motor.  For  the  present  exercise  the  motor  is  series-wound 
in  order  that  its  speed  may  be  controlled  by  the  amount  of  current. 
The  current  is  brought  to  the  two  posts  of  the  motor,  passing  in  its  way 
the  two  poles  of  a  shunt  switch.  When  the  switch  is  closed  the  current 
passes  directly  across  without  going  through  the  motor;  when  it  is 
open  the  current  is  forced  to  pass  through  the  motor. 

c.  Speed  indicator.  The  rotation  of  the  motor  axle  causes  the  indi- 
cator arms  to  revolve  and  to  fly  outward.  The  extent  to  which  they 
move  outward  depends  on  the  relation  of  the  speed  of  revolution  to  the 
weight  of  the  arms  and  the  tension  of  the  restraining  springs.  A  pointer 
is  connected  with  the  indicator  to  show  just  how  much  the  arms  move. 
The  pointer  moves  over  a  scale  graduated  to  show  the  number  of 
revolutions  per  second.  The  scale  was  established  empirically  by  spark- 
records  on  the  drum,  after  the  manner  of  Exercise  IX,  the  place  of  the  key 
in  that  exercise  being  taken  by  a  revolving  pin  at  the  end  of  the  axle 
striking  against  a  metal  spring. 

d.  Jelesccpe,  This  may  be  a  simple  tube  blackened  inside ;  it  limits 
the  amount  of  the  disc  seen  to  a  circle  of  definite  area.  Or  a  simple 
reading  telescope  of  the  usual  kind  may  be  used.  It  is  placed  on  the 
tripod. 

e.  Adjusting  the  apparatus.  The  nut  is  removed  from  the  color  wheel. 
The  backing  disc  is  placed  on  the  axle.  The  red  and  black  discs  are 
slipped  together,  so  that  when  rotated  they  will  not  catch  the  wind ;  if 
the  motor  rotates  counter-clockwise  the  edges  must  overlap  to  the  right. 
The  discs  thus  slipped  together  are  placed  on  the  axle,  a  small  paper  ring 
is  placed  in  front  and  the  nut  is  partly  screwed  up.  The  circular  gradu- 
ated scale  is  laid  over  the  discs  and  they  are  moved  till  each  occupies 
half  the  circle.     The  nut  is  then  screwed  tight. 

The  battery  is  turned  on  and  the  motor  started. 

The  32-c.  p.  lamp  is  lighted  and  placed  at  ]^  meter  in  front  and  slightly 
below  the  discs. 

The  Gauss  tripod  is  placed  at  a  distance  of  i  meter  from  the  motor. 
The  telescope  is  then  adjusted  so  that  the  eye  sees  the  whole  field  of  view 
as  a  colored  circle. 

Experiments, 

The  motor  being  at  rest  and  the  subject  looking  through  the  telescope, 
the  experimenter  says  *'  Ready  ' '  and  sends  the  current  through  the  motor. 
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The  subject  sees  the  color  alternate  with  black,  at  first  slowly,  then 
rapidly.  Soon  they  appear  to  mix,  but  still  retain  a  flickering  appear- 
ance. As  the  speed  continues  to  increase,  the  flickering  becomes  less 
marked  and  finally  diappears.  At  the  moment  when  the  illumination  of 
the  field  appears  to  be  constant  and  steady  the  subject  sa3rs  "Now." 
The  experimenter  notes  and  records  the  position  of  the  pointer  at  this 
moment. 

The  speed  of  the  motor  is  allowed  to  increase  considerably  beyond  the 
point  just  recorded ;  the  current  is  then  turned  off.  The  speed  gradu- 
ally decreases  and  at  some  point  the  illuminated  field  begins  to  flicker. 
At  this  point  the  subject  sa)rs  "  Now,'*  and  the  experimenter  notes  and 
records  the  position  of  the  pointer; 

Records  of  the  first  kind  may  be  called  '*  up-records,**  those  of  the 
other  "down -records.**  The  up -records  are  placed  in  one  column,  the 
down-records  in  another. 

After  a  few  preliminary  experiments  to  obtain  practice,  ten  records  are 

made  of  each  kind. 

Computation, 

Let  m  be  the  average  of  the  up-records  and  n  that  of  the  down-rec- 
ords. The  time  of  one  revolution  in  seconds  is  thus  i/w,  or  i/«,  and 
the  time  of  half  a  revolution  in  J^/w  or  y^n. 

Let  the  suppositions  be  made :  i,  that  the  black  was  equivalent  to 
absence  of  light ;  2,  that  there  was  no  lag  at  the  appearance  of  the  red. 
It  follows  that  since  the  red  seemed  to  be  present  all  the  time,  whereas  it 
was  present  only  half  the  time,  the  sensation  must  have  persisted  through 
the  time  of  J^  a  revolution,  i.  e.,  2m  or  2«  sec,  without  any  percepti- 
ble diminution  of  intensity. 

The  suppositions  are  not  strictly  according  to  fact.  The  black 
of  the  disc  is  not  an  absolute  black,  and  there  is  a  small  lag  at  the  be- 
ginning of  the  red  sensation.  For  a  bright  red  and  a  cloth  black  these 
errors  may  be  neglected,  as  in  the  present  case. 

Below  the  records  the  following  statements  are  to  be  made  (all  figures 
being  in  decimals  to  the  i/ioo  and  the  unit  being  seconds)  :  lag,  up, 
=      ;  lag,  down,  =      ;  lag,  average,  =      . 

Faints  to  be  noted, 
I.  The  lag  may  be  dependent  on  the  intensity  of  the  light  and  the 
area  of  the  field.      2.  The  lag  is  a  psychical  and  not  a  physical  affair. 

Questions, 
I     Would  you  add  or  subtract  the  latent  time  (or  lag  of  the  color  at 

the  beirinning)    if  i^  ^^^^  ^^'^"^''  ^""^  ^^"^  ^'^^^^  ^^^  ^"^^  ^'""^  ^^  ^^^^ 
Whv  >  2    What  is  the  unit  of  measurement  in  this  exercise  ? 
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NOTES. 

As  this  number  of  the  Studies  has,  for  various  reasons,  been  delayed 
beyond  its  usual  time,  it  was  considered  advisable  to  bring  references, 
etc.,  down  to  1897. 

The  following  list  will  supply  the  information,  not  previously  given, 
concerning  the  occasions  of  the  various  articles  published  in  the  Studies. 
An  article  as  published  is  condensed  and  corrected  from  the  original 
thesis. 

1.  Theses  for  the  degree  of  Ph.D.:  Investigation  in  reaction-time  and 
attention,  by  C.  B.  Bliss;  Researches  on  the  mental  and  physical  develop- 
ment of  school-children,  by  J.  A.  Gilbert  ;  Mec^surements  of  illusions 
and  hallucinations  in  normal  life,  by  C.  £.  Seashore  ;  Studies  of  fatigue, 
by  John  M.  Moore. 

2.  Theses  for  the  degree  of  M.D.,  the  work  being  done  under  the 
direction  of  the  Psychological  Laboratory  and  presented  to  the  faculty  of 
the  Yale  Medical  School :  On  the  relation  of  the  reaction-time  to  varia- 
tions in  intensity  and  pitch  of  the  stimulus,  by  M.  D.  Slattery  ;  Reaction- 
time  in  abnormal  conditions  of  the  nervous  system,  by  Alfred  G.  N  abler  ; 
Simple  and  cortical  reaction-time,  by  Howard  F.  Smith. 

3.  Theses  for  special  honors  at  graduation  frt>m  Yale  College,  the 
theses  being  frequently  made  parts  of  larger  articles :  Experiments  on  the 
highest  audible  tone,  by  Howard  F.  Smith  ;  Some  experiments  on  the 
reaction-time  of  a  dog,  by  Edward  M.  Weyer  ;  Researches  on  reaction- 
time,  by  John  L.  Burn  ham  ;  Researches  on  reaction-time,  by  A.  E.  von 
ToBEL ;  Researches  on  reaction-time,  by  A.  Silverstein  ;  Researches  on 
reaction-time,  by  G.  R.  Holden  ;  Researches  on  voluntary  effort,  by  H. 
R.  McDermott. 

The  regular  courses  given  each  year  in  the  laboratory  are  as  in  the  fol- 
lowing list.  The  amount  of  direct  personal  supervision  over  the  work 
of  a  student  in  a  course  can  be  roughly  inferred  from  the  total  number 
in  that  course  ;  the  total  for  the  present  year  is  stated  after  each  course. 

1.  Physiological  and  Experimental  Psychology.  Two  lectures  per  week  throughout 
the  year.  The  material  covered  by  the  deiDonstrations  and  experiments  is  about  that  con- 
tained in  Ladd's  Outlines  of  Physiological  Psychology  and  Scripture's  New  Psychology. 
127  seniors  and  juniors  (elective),  8  graduates,  3  specials. 

2.  Elementary  Laboratory  Practice,  One  exercise  of  two  hours  per  week  throughout 
the  year.     See  above  p.  89.     3  seniors  and  juniors,  7  graduates. 

3.  Advanced  Course  in  Experimental  Psychology.  One  lecture  and  one  exercise  per 
week  throughout  the  year.     Elements  of  analytical  geometry  and  calculus  with  illustra- 
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tioDS  from  psychology ;  theory  of  probabilities ;  statistics ;  theory  of  measurements ; 
practice  in  adjusting  measurements ;  technical  training  in  the  construction  and  care  of 
apparatus;  pnndples  of  laboratory  economy;  methods  of  experimental  instruction; 
practice  in  the  use  of  the  lantern,  etc.     6  graduates. 

4.  Educational  Psychology,  One  hour  per  week  throughout  a  year.  Application  of  mod 
em  psychological  principles  to  educational  subjects ;  outlines  of  the  psychology  of  touch, 
its  use  in  education  ;  motor  abilities,  accuracy  of  movement,  fundamental  principles  of 
-writing  and  drawing ;  sight,  color-teaching  ;  space,  form-teaching,  drawing,  modeling ; 
attention,  concentration  and  distraction,  laws  for  developing  attention  ;  memory,  analysis 
into  its  components,  experimental  study  of,  calculation  of  results,  development  and 
training,  time  of  study;  imagination,  use,  necessity  of  development  and  repression, 
fables,  children's  books,  toys;  emotions,  will,  action,  reflex,  automatic,  instinctive,  vol- 
untary, their  training ;  education  of  the  blind,  the  deaf  and  other  defectives  ;  child-study, 
principles  of  anthropometry  and  psychometry ;  psychological  devek^ment  of  the  child,  be- 
ginnings of  instruction ;  economy  in  edueation,  gneatest  results  from  least  eflforts,  correlation 
and  concentration  of  instruction ;  various  educational  subjects  from  a  psychological  stand- 
point,— amusement,  play,  toys,  picture-books,  object-lessons,  etc.  The  course  is  illus- 
trated with  experiments,  lantern  views,  and  a  large  collection  of  educational  material 
from  Europe  and  America.     lo  seniors  and  juniors,  2  graduates. 

5.  Research -Work  in  Psychology,  Participants  in  this  course  are  either  investigators 
or  assistants.  For  assistants  the  object  is  such  a  training  in  accurate  introspection,  ob- 
servation, experimenting  and  the  art  of  research  as  is  desirable  for  the  general  psycholo- 
gist. This  work  is  open  to  all.  Only  those  who  have  had  sufficient  experience  are  per- 
mitted to  undertake  independent  investigations.  The  results  of  all  investigations  belong 
to  the  archives  of  the  laboratory.  Those  who  undertake  investigations  thereby  agree  to 
prepare  the  results  for  publication,  subject  to  approval,  in  the  Studies  from  the  Yale 
Psychological  Laboratory,     i  senior,  4  graduates. 
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RESEARCHES  ON  ACOUSTIC  SPACE.* 


BY 


Matataro  Matsumoto. 

E.  Weber'  seems  to  have  been  the  first  to  call  attention  to  the  errors 
in  localizing  sounds.  The  particular  problems  involved  seem  to  be  two  : 
I.  the  perception  of  the  direction  from  which  a  sound  comes;  and  2. 
the  perception  of  its  distance.  The  investigations  described  in  the  fol- 
lowing pages  were  made  in  the  attempt  to  contribute  data  toward  the  so- 
lution of  these  two  problems.  The  work  was  begun  (1894)  in  the  Psy- 
chological Laboratory  of  the  Imperial  University  of  Japan  (Tokyo)  at 
the  suggestion  of  Professor  Motora  ;  the  greater  part  of  the  work,  how- 
ever, was  done  during  the  years  1 896-1 898  in  the  Psychological  Labora- 
tory of  Yale  University  under  the  supervision  of  its  director,  E.  W. 
Scripture.     Many  suggestions  were  also  received  from  Professor  Ladd. 

I.  Preliminary  investigations. 

The  first  series  of  experiments  was  conducted  according  to  Preyer*s 
statistical  method.'  Instead  of  Preyer's  sound-helmet,  a  hollow 
spherical  cage  was  devised  as  is  shown  in  Figure  i.  The  imaginary  surface 
of  the  sphere  whose  diameter  is  1.35"  is  divided  into  8  equal  parts  by 
4  vertical  great  circles.  The  surface  is  again  divided  horizontally  by  the 
equator  and  by  two  small  circles  parallel  to  the  equator  at  a  distance  of 
45®  from  poles.  The  intersecting  points  of  these  vertical  and  horizontal 
circles  correspond  to  the  26  temiinal  points  of  13  axes  or  diameters  of 
the  sphere.     These  13  axes  may  be  divided  into  three  classes. 

I.  Three  primary  axes  which  cut  each  other  at  right  angles. 

(a)  The  frontal  axis,  or  the  diameter  of  the  sphere  from  right  to  left  in 
the  plane  of  the  equator.     As  this  line  corresponds  to  an  imaginary  line 

*  Submitted  to  the  Tokyo   Imperial   University  as  a  thesis  for  the  degree  of  Hakush 

(Ph.D.). 

'Ed.  Weber,    Ceder  i/en  Mechanismus  dcs  GehororganSy  Ber.  d.  kgl.-sJlchs.  Ges. 

derWiss.,  math.-phys.  Classe,  1851,  29. 

*Preyer,  Die  Wahnuhmung  der  Schalirichtung  mitteht  der  Bo^engdnge^  Arc  hi  v 

f.  d.  ges.  Physiol.  (Pflager),  1887  XL  586. 
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drawn  Ihrough  the  external  openings  of  the  two  ears  of  the  subject  seated 
in  the  cage,  it  may  be  called  the  auditory  axis  or  the  rl  (right-left)  axis. 

(^)  A  vertical  diameter  which  intersects  the  frontal  axis  at  its  middle 
point.     This  may  be  called  the  vertical  or  the  on   (over-under)  axis. 

The  plane  determined  by  the  two  axes  r/and  on  is  called  the  frontal 
plane. 


(c)  A  horizontal  diameter  drawn  perpendicular  to  the  frontal  plane, 
through  the  intersecting  point  of  the  frontal  and  the  vertical  axes.  This 
may  be  called  the  sagittal  or  •Cntfb  (front-back)  axis. 

The  plane  determined  by  the  sagittal  and  the  vertical  axes  is  called  the 
the  sagittal  or  median  plane,  while  the  plane  determined  by  the  sagittal 
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and  the  frontal  axes  is  called  the  horizontal  plane.  In  the  present  essay 
no  use  will  be  made  of  median,  frontal  or  horizontal  planes  except  the 
primary  ones,  as  just  defined ;  the  terms  are  always  to  be  understood  in 
this  way. 

The  above  three  axes  correspond  to  the  X^  V,  Z  axes  of  the  Cartesian 
system  of  coordinates,  and  represent  the  fundamental  axes  upon  which  our 
standard  space  is  constructed  with  ourselves  as  the  center. 

II.  Six  secondary  axes,  every  two  of  which  lie  in  the  plane  determined 
by  the  primary  axes  and  cut  each  other  at  right  angles. 

(//)  Two  secondary  frontal  axes.  These  are  the  diameters  lying  in  the 
frontal  plane  at  the  distance  of  45°  from  the  frontal  and  from  the 
vertical  axis. 

(^)  Two  secondary  sagittal  axes.  These  are  the  diameters  lying  in  the 
median  plane  at  the  distance  of  45^  from  the  sagittal  and  from  the  verti- 
cal axis. 

(/)  Two  secondary  horizontal  axes.  These  are  the  diameters  lying  in 
the  horizontal  plane  at  the  distance  of  45®  from  the  sagittal  and  from  the 
frontal  axis. 

III.  Four  tertiary  axes.  These  are  the  diameters  lying  at  45°  from 
the  three  neighboring  secondary  axes  in  each  case. 

These  thirteen  axes  are  illustrated  in  the  model,  Figure  2. 

The  26  terminal  points  of  the  13  axes  are  named  in  the  following  way  : 

I.  The  6  terminal  points  of  the  3  primary  axes  are/  (front),  b  (back), 
o  (over),  u  (under),  r  (right),  /(left). 

II.  The  12  terminal  points  of  the  6  secondary  axes  are  : 

(^a)  fo  (front-over),  bu  (back-under),  fu  (front-under),  bo  (back- 
over). 

{b)  or  (over-right),  «/ (under-left),  ur  (under-right),  ol  (over-left). 
(^c)  fr  (front-right),  bl  (back-left),  fl  (front-left),  br  (back-right). 

III.  The  8  terminal  points  of  the  4  tertiary  axes  are  : 
{a)  for  (front -over-right),  bul  (back- under-left). 
(^b)  fol  (front-over-left),  bur  (back-under-right). 
(r)   bor  (back-over-right),  ful  (front-under-left). 
(//)  bol  (back-over-left),_/^r  (front-under-right). 

The  person  to  be  experimented  upon  is  seated  in  the  inside  of  the  cage  ; 
his  head  is  adjusted  by^meansof  a  head-re?t  fixed  to  the  back  of  the  chair 
in  such  a  way  that  his  visual  axis  in  the  normal  position  of  the  body  will 
lie  in  the  median  plane,  and  his  auditory  axis  (an  imaginary  line  drawn 
'through  the  openings  of  the  ears)  with  the  frontal  axis.  Then  the  ex- 
perimenter gives  a  short  sound  at  one  of  the  26  terminal  points,  and  the 
observer,  with  his  eyes  closed,  is  to  judge  the  direction  of  the  sound.    In 
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my  experiments  the  sound  was  produced  by  means  of  a  telephone  or  a 
small  metallic  hammer.  Fifty  experiments  were  made  for  each  of  the  a& 
points.     The  observer  was  Mr,  T.  Oku,  a  student  of  jihilosophy. 


^ 


If  we  could  not  perceive  the  direction  of  sound  at  all,  it  would  be, 
as  Prever'  noticed,  theoretically  possible  that  each  of  the  26  directions 
would  be  confused  with  each  of  the  remaining  25  directions  so  that  there 
would  occur  in  all  26'  —  26  ^  650  confusions.     Therefore  in  676  experi- 


■  Prevkh,  Die   Wahrtifhmung  i/er  Sfhaltriihtung  , 
f.  d.  ges.  ITiysiol,  (PflUgcr),  1887  XL  586. 
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ments  the  correct  judgments  would  amount  only  to  26.  Or  in  1,000 
experiments  the  correct  judgments  would  not  exceed  40.  This  was  not 
the  case,  for  in  1,300  experiments  (780  telephone  sounds  and  520  met- 
allic clicks)  it  was  found  that  the  correct  judgments  amounted  to  768, 
namely,  \  of  the  total  number  instead  of  ^  as  theoretically  required. 
Therefore,  the  perception  of  the  direction  of  sound  cannot  be  re- 
garded as  purely  accidental. 

It  was  noticed  that  in  these  experiments  none  of  the  26  directions 
was  actually  confused  with  n^ore  than  8  directions.  Of  650  possible 
kinds  of  errors  only  113  kinds  were  actually  observed  in  our  1,300 
experiments  and,  indeed,  many  of  these  113  kinds  occurred  only 
once  or  twice.  What  are  the  remaining  kinds  of  errors  which  did  not 
occur  actually,  though  they  were  theoretically  possible  ?  This  question 
leads  to  a  very  important  principle  in  the  perception  of  the  direction  of 
sound.     In  the  experiments  the  following  results  were  noticed. 

1.  No  sound  on  the  right  side  was  perceived  as  being  on  the  left  side, 
and  no  sound  on  the  left  side  was  perceived  as  being  on  the  right  side. 
That  is,  none  of  the  series,  r,  fr^  for^  or,  bor,  br,  bur,  ur,  fur,  was  con- 
fused with  any  of  iy  fljfoi,  ol,  bol,  bl,  bul,  ul,  ful,  and  vice  versa.  As 
there  are  9  r-directions  and  9  /-directions,  then  162  (i.  e.,  2X9X9) 
kinds  of  errors  must  be  subtracted  from  the  total  number  of  errors  theo- 
retically possible. 

2.  No  sound  on  the  right  or  the  left  side  was  localized  in  the  median 
plane.  That  is,  none  of  the  above  series  was  confused  with  the  series  in 
the  median  plane /,y^,  o,  bo,  b,  bu,  u,  fu.  Therefore  we  must  subtract 
144  (i.  e.,  2x9x8)  kinds  of  errors  from  the  total  number  theoret- 
ically possible. 

3.  No  sound  in  the  median  plane  was  localized  on  the  right  or  left  side 
of  the  plane.  That  is,  none  of  the  series  /,  fo,  0,  bo,  b,  bu,  u,  fu,  was 
confused  with  l,fl,fol^  ol,  bol,  bl,  bui,  ul,ful,  r,fr,for,  or,  bor,  br,  bur, 
ur,  fur.  Here  again  144  (i.  e.,  2  x  8  X  9)  kinds  must  be  subtracted 
from  the  total  number. 

Subtracting  these  450  kinds  of  errors  from  650  theoretically  possible 
kinds  of  errors  we  get  200  kinds  of  errors  as  actually  occurring.  These 
200  kinds  of  errors  are  those  w^hich  will  be  actually  observed.  They 
consist  of72(i.  e.,9X9  —  9)  confusions  on  the  right  side,  72  (i.  e., 
9  X  9  ■—  9)  confusions  on  the  left  side  and  56  (i.  e.,  8  x  8  —  8)  con- 
fusions in  the  median  plane. 

In  respect  to  these  three  fundamental  facts  the  results  of  my  own  ex- 
periments perfectly  agree  with  those  of  Preyer. 

These  fiicts  lead  us  to  believe  that  the  possession  of  two  ears  gives  us 
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an  important  means  of  perceiving  the  direction  of  a  sound.  When  a 
sounding  body  is  situated  in  the  median  plane,  there  is  no  difference  be- 
tween the  intensities  (and  the  other  possible  properties)  with  which 
vibratory  movements  arrive  at  the  two  ears.  But  when  a  sound  is 
situated  outside  of  the  median  plane  the  results  will  be  different  and 
the  greater  the  angular  distance  from  the  median  plane  the  greater 
will  be  the  difference.  The  relative  amount  of  this  difference — the 
binaural  parallax — may  give  us  effective  data  by  which  we  can  judge 
the  direction  of  the  sound.  If  such  a  supposition  be  true,  the  direc- 
tion of  a  sound  will  be  best  perceived  when  it  is  situated  in  or 
around  the  frontal  or  auditory  axis,  for  here  the  difference  will  be 
greatest ;  we  can  also  expect  that  the  direction  of  a  sound  will  be 
fairly  well  recognized  when  it  is  situated  in  the  sagittal  axis,  for  that  axis 
is  unique  in  its  relation  to  the  two  ears.  Moreover,  it  may  be  expected 
that  the  direction  of  a  sound  in  the  horizontal  plane  will  be  best  per- 
ceived, for  the  shape  of  the  pinna  is  most  favorable  for  receiving  a  sound 
in  the  horizontal  plane,  esi)ecially  in  the  case  of  binaural  perception. 
Now  let  us  examine  the  results  of  our  experiments  more  closely  to  see 
whether  they  support  these  suppositions. 

For  each  primary  axis  the  ratio  of  the  correct  judgments  to  the  total 
number  was  as  follows :  for  rl  axis,  yY^  ;  for  fb  axis,  -^-^-^ ;  for  ou 
axis,  yYo^.  These  results  show  that  the  sounds  in  the  rl  axis  are  best 
localized,  while  the  sounds  in  fb  axis  are  better  localized  than  those  in 
ou  axis.  In  Preyer*s  experiments  the  ratio  of  the  correct  judgments 
for  ou  axis  was  greater  than  that  for  fb  axis. 

Again  the  ratio  of  the  correct  judgments  for  the  8  directions  in  each 
primary  plane  was  as  follows  :  for  the  horizontal  plane  (/,  fr,  r,  //r,  b,  bly 
/,  fl)y  ^\ ;  for  the  frontal  plane  (o,  or,  r,  ur,  //,  w/,  /,  o/),  ^^ ;  for  the 
median  plane  (/,/o,  o,  bo,  b,  bu,  u,fu),  |-g|^.  The  results  show  that  the 
sounds  in  the  horizontal  plane  are  localized  best  of  all,  while  the  sounds 
in  the  frontal  plane  are  better  localized  than  those  in  the  median 
plane,  these  results  agree  with  those  of  Preyer  and  Arnheim.* 

The  influence  of  the  sounds  from  the  right  and  left  sides  is  so  strong 
that  even  the  ratio  of  all  correct  judgments  for  those  18  directions  in 
which  r  and  /  take  part  has  a  greater  value  than  the  ratio  of  all  correct 
judgments  for  either  of  the  18  directions  in  which  /  and  b  or  o  and  u 
take  part.  In  the  last  two  groups  r  and  /  do  not  occur  so  often  as  in ' 
the  first.     The  ratios  of  the  correct  judgments  were  as  follows :   for  ri 


^Arnheim,    Beitriii^e  zur  Thcorie  von  SchalUmpfindun^^cn  niitfeht  dcr  Hoi^tfigiin^e, 
Diss.,  Jena  1887. 
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18  directions,  %\%\  ^ox  fb  18  directions,  \%\\  for  ou  18  directions,  ^W, 
Our  supposition  that  the  possession  of  two  ears  gives  us  by  binaural  par- 
allax an  important  means  for  perceiving  the  direction  of  sound  seems  to 
be  supported  by  these  results.  But  this  general  principle  is  made  more 
complex  by  various  circumstances.  For  upon  examining  the  number  of 
the  correct  judgments  in  the  three  sets  of  hemispheres  it  was  found  that : 

1.  The  direction  of  a  sound  in  the  right  hemisphere  was  more  cor- 
rectly judged  than  that  of  a  sound  in  the  left  hemisphere.  The  correct 
judgments  for  r,fr,/or^  or^  bar,  br,  bur^  //r,  ^//r  amounted  to  278,  while 
the  correct  judgments  for  /,  fl,  foi,  oi,  bo/,  bl,  bul,  ul,  ful  amounted  to 
257.  If  the  binaural  parallax  is  an  important  means  of  localizing  a 
sound,  then  it  is  highly  probable  that  the  localization  will  be  more  or  less 
influenced  by  the  difference  in  sensitiveness  which'exists  between  the  two 
ears.  Although  the  subject  was  not  examined  in  this  respect,  it  is  prob- 
able that  there  was  such  a  difference. 

2.  The  direction  of  a  sound  in  the  front  hemisphere  was  more  correctly 
judged  than  that  of  a  sound  in  the  rear  hemisphere.  The  correct 
judgments  iov  f,fo,fu,  fl,foi,fui,  fr,  for,  fur  dJtio\xnieil  to  260,  while 
those  for  bo,  b,  bu,  bol,  bul,  bl,  bor,  br,  /5//r  amounted  to  237.  This  dif- 
ference probably  finds  its  explanation  in  the  function  of  the  pinnae  whose 
shape  is  not  favorable  for  receiving  sounds  in  the  rear  hemisphere. 

3.  Lastly,  a  sound  in  the  lower  hemisphere  was  better  localized 
than  a  sound  in  the  upper  hemisphere.  The  correct  judgments  for 
///,  u,  bu,  bul,  ul,ful,  bur,  ur,  fur  amounted  to  271,  while  those  for^, 
o,  bo^  bol^  ol,  fol,  bor,  or,  for  amounted  to  206.  We  cannot  say 
that  this  will  always  be  the  case,  for  in  Prever*s  experiments  the 
sounds  were  better  localized  in  the  upper  hemisphere  than  in  the 
lower  hemisphere.  The  results  of  my  experiments  might  have  been 
more  or  less  influenced  by  the  probable  reflection  of  sound  from  the 
lower  parts  of  the  apparatus  and  the  floor,  in  consequence  of  which  the 
sound  might  have  been  peculiarly  colored,  as  it  were,  according  to  its 
position,  and  better  discriminated  by  the  observer.  Apart  from  such 
influences  the  results  might  have  been  influenced  by  the  form  of  the 
l)inna3. 

The  examination  of  these  three  groups  of  results  enables  us  to  say 
with  great  probability  that  the  differences  in  the  degrees  of  sensitiveness 
in  the  two  ears  and  the  action  of  the  pinnae  are  the  factors  which  render 
our  perception  of  the  direction  of  sound  more  or  less  complex. 

Table  I.  summarizes  the  results  of  these  preliminary  experiments.  In 
this  table  the  objective  positions  of  sounds  are  indicated  in  the  vertical 
column  at  the  left,  and  the  perceived  directions  are  given  in  the  hori- 
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zontal  columns.     The  number  of  judgments  of  each  kind  is  given  by  the 
figures  which  are  found  below  each  perceived  direction. 

In  the  same  manner  as  the  actual  possibility  of  the  confusion  of  the  di- 
rections of  sounds  is  limited  to  certain  distinct  regions,  so  the  directions 
which  are  most  liable  to  be  confused  with  each  other  are  also  restricted  to 
narrower  limits  than  the  regions  of  actual  possibility. 

In  the  following  lists  the  frequency  of  the  confusion  between  pairs  of 

the  26  directions  is  shown  by  the  figures.     Here  it   is  regarded  as  a 

matter  of  indifference  whether — for  example — -fr  is  confused  withy^r,  or 

for  with/r,  and   likewise  for  any  other  pairs  of  directions  that  may  be 

confused. 

List  I. 

Confusions  in  the  Median  Plane. 

Confusion  between y and y<>  (i5),yi<  (13),  ^  (i). 

>and(;(i7),>  (4),^^  (3);^(i) 

o9Xiiibo  (2^),fu    (2),  u  (I). 

bomnAb  (iS),  bu  (4),/«  (i). 

b  and  bu  {16),  fu  (10),  u  (8). 
bu  and*/  (27), /«  (i). 
u  and  fu  (2). 

List  II. 

Confusions  in  the  Left  Hemisphere. 

Confusion  between  /and  0/(14),  boi  {6),    ul{s),  b/{s),  f{4),fut{s),  fol(2),  bui{l). 

/and>/(i4).////(i3),M3).  «A3)»  ^/(O- 
fot and ol(iy)y  bol( 3 )  Jul  ( 2 ) . 

o/and^<>/( 22 ),////( 5),  «/(2),  bl{2). 

bo/sindb/\is),fti/(2),  bu'(i). 

b/andbut{g),  ul  (5),>/(2). 

bul  and  ul{2<)). 

«/and/«/(5). 

List  3. 

Confusions  in  the  Right  Hemisphere. 

Confusion  between  r  andt'r(l6),  ur  {'j),bor(6),fr{6)j/or{4),bf[2)f/ur(l). 

/r  and>r(l3),  fur  (4),  br(4),  or(l). 
for  and  or{l7)Mr  {S),ffr{S)- 
or  and  bor(lS)f  ur  (3),  br  (l). 
/^or  and  ^r( 8), /i/r( 7),  ^«r(3),  ur{2). 
br  and  bur{j),  ur  (5),  fur(2). 
bur  and  ur[  20) ,  fuf  ( 2 ) . 
ur  and  fur(^). 

These  results  show  that  the  points  which  are  most  liable  to  be  confused 
with  each  other  are  those  which  are  situated  nearest  to  each  other  in  the  re- 
gion of  actual  possibility  of  confusion.  This  is  in  accordance  with  our  view 
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that  the  localization  depends  upon  the  binaural  parallax,  for  the  sounds 
at  the  p>oints situated  nearest  to  each  other  in  the  regions  of  actual  possi- 
bility of  confusion  are  those  which  are  more  nearly  equal  in  their  relations 
to  the  two  ears  than  the  sounds  at  other  p>oints.  Moreover,  we  can  notice 
a  certain  similarity  in  the  three  lists  above.  The  errors  that  occur  most 
frequently  in  the  second  list  (first  two  columns)  are  of  similar  kinds  with 
the  most  frequent  errors  (first  two  columns)  in  the  third  list.  More- 
over, if  we  disregard  the  question  of  right  and  left — thereby  cutting  off 
/  and  r  from  the  members  in  the  second  and  third  lists,  then  the  most 
frequent  errors  (first  column)  will  be  the  same  in  all  three  lists.  In 
other  words,  the  errors  which  occur  most  frequently  in  the  median 
plane  are  repeated  with  almost  the  same  regularity  in  the  left  and 
right  hemispheres.     The  results  are  arranged  in  Table  II. 

In  connection  with  the  above  three  lists  it  is  interesting  to  know 
the  relation  of  the  angular  magnitude  of  the  error  to  its  frequency.  In 
the  median  plane  the  possible  frequencies  of  the  errors  out  of  a  total 
of  64  are  as  follows:  for  180°,  8  times,  or  12 '2%  ;  for  135°,  16  times, 
or  25%  ;  for  90®,  16  times,  or  25 ^i  ;  for  45°,  16  times,  or  25%  ;  for 
o®,  8  times,  or  i2j^%. 

In  the  actual  experiments,  however,  400  judgments  were  distributed 
as  follows:  for  180°,  3  times,  or  ^-^%  ;  for  135°,  13  times,  or  3%  ; 
for  90^,  20  times,  or  5%  ;  for  45°,  131  times,  or  33%  ;  for  o^,  233. 
times,  or  585^;. 

Comparing  these  two  series  it  becomes  evident  that  in  reality  the  errors 
are  not  evenly  distributed.  The  error  of  0°  magnitude  (i.  e.,  correct 
judgment)  is  by  far  the  most  frequent;  the  error  of  45®  (next  to  the 
smallest  magnitude)  comes  next  to  it,  and  the  errors  of  greater  magni- 
tudes occur  less  frequently  as  the  magnitude  increases. 

The  same  observation  is  to  be  made  concerning  the  errors  in  separate 
hemispheres.  If  the  errors  were  evenly  distributed  the  frequencies  for  the 
right  and  left  hemispheres  would  be  as  follows  :  for  119°,  2x4  times,  or 
5%  of  the  total  number;  for  98°,  2x8  times,  or  10%  ;  for  90°, 
2  X  12  times,  or  15%  ;  for  85°,  2x8  times,  or  10%  ;  for  60®,  2x8 
times,  or  10%  ;  for  59°,  2x8  times,  or  10%  ;  for  45°,  2  x  24  times, 
or  30%  ;  for  0°,  2x9  times,  or  11%. 

In  the  actual  experiments,  however,  900  judgments  were  distributed 
as  follows:    for   119°,  9   times,  or   1%  of  the  total  number;   for  98®, 
7   times,  or  -f^^a  \  for  90°,  30   times,  or  3  y\9{?  ;  for  85°,  8  times,  or 
^%  ;  for  60°,  18  times,  or  2%  ;  for  59°,  23  times,  or  2y\%  ;   for  45®, 
270  times,  or  30%  ;  for  0°,  535  times,  or  59%. 

Just  as  in  the  median  plane,   the  errors  of  smaller  magnitndes  happen 
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also  in  the  both  hemispheres  more  frequently  than  the  errors  of  greater 
magnitudes.  The  exceptionally  great  percentage  for  90  degrees  arises 
from  the  familiar  confusions  between  front  and  back  and  between  above 
and  below  ;    these  will  be  considered  in  detail  later. 

From  these  results  it  follows  that  the  smaller  the  angular  distance  be- 
tween the  two  points,  the  greater  is  their  confusion  with  each  other. 
Though  this  fact  is  a  matter  of  common  experience,  the  experimental  de- 
termination  of  it  is  very  important. 

The  frequencies  of  the  errors  relating  to  the  magnitude,  which  we  ac- 
tually observed  in  our  experiments,  are  shown  in  Table  III. 


Table  III. 

Number  of 
experiments. 


450       59       6o<>       85       90®    98       ii9<>      135®    i8o« 


50 

50 

50 

I  50 

1  50 

2  50 

4  50 

I  50 

1  50 

3  4  50 

523  50 

2  50 
2                                                           50 

50 

I  50 

252  50 

274  50 

4  50 

50 

4  I  50 

50 

7  I  50 

I  I  50 

4  12  I  50 

Total  768    401         23        18  8        50  7       9  13  3  1300 

The  foregoing  preliminary  experiments  have  shown  that  the  difference 
between  the  sensations  with  which  a  sound  is  heard  in  the  two  ears  must 
be  regarded  as  the  fundamental  datum  for  localizing  the  sound. 

The  next  step  must  therefore  be  a  closer  examination  of  this  datum  of 
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localization.  There  are  four  characteristics  of  sound-waves  by  which 
one  sound  may  be  discriminated  from  another,  namely,  intensity,  pitch, 
phase  and  complexity  (or  timber).  The  localization  of  a  sound  must 
be  based  upon  a  difference  in  one  or  more  of  these  four  characteristics. 

Of  these  four  characteristics  it  was  the  question  of  intensity  to  which 
my  chief  attention  was  paid  in  the  further  experimental  work,  for  from 
the  nature  of  the  subject  the  problem  could  be  more  definitely  studied  in 
reference  to  this  characteristic  than  to  the  other  ones. 


II.    Dependence  of  the  localization  of  a  perceived  sound   upon 

THE     RELATIVE    INTENSITIES    OP    THE    SOUNDS    HEARD     BY    THE 

TWO  EARS. 

We  have  seen  in  our  preliminary  experiments  that  a  sound  in  the  me- 
dian plane  is  never  localized  on  the  right  or  the  left  side  and  a  sound  on  the 
right  or  the  left  side  is  never  localized  in  the  median  plane,  and  we  have  as- 
sumed that  these  facts  depend  upon  the  peculiar  relation  between  the  in- 
tensities with  which  the  ears  are  excited  by  a  sound  in  the  median  plane. 
Now  the  queston  arises  whether  we  do  always  localize  the  perceived  sound 
in  the  median  plane  when  both  ears  are  excited  with  the  same  intensity. 
The  following  experiments  were  conducted  to  get  an  answer  to  this  ques- 
tion. 

I.  Dependence  of  the  localization  of  a  sound  in  the  median  plane  upon  the 
equal  intensities  of  the  impressions  in  the  two  ears. 

Each  of  the  primary  circles  of  the  spherical  cage  was  divided  into  de- 
grees. In  the  horizontal  circle  the  front  (/)  was  taken  as  o®  and  the 
degrees  were  counted  on  both  sides  of  the  circle  from  front  to  back, 
the  back  being  180°.  In  the  frontal  circle  the  top  was  taken  as 
0°  and  the  degrees  were  counted  from  the  top  downward,  the  point 
opposite  to  the  top  being  180°  and  that  horizontally  either  right  or 
left  90°.  In  the  median  circle  the  top  was  taken  as  o**,  and  the  de- 
grees were  counted  from  the  top  downward,  either  front  or  back  being 
90°  and  the  point  opposite  to  the  top  180°. 

Two  telephones  were  placed  at  two  symmetrical  points  of  the  same 
circle.  The  head  of  the  observer  was  adjusted  as  in  the  preliminary  experi- 
ments. The  two  telephones  were  sounded  with  equal  intensities  for  two 
seconds.  The  observer  was  to  judge  the  direction  of  the  sound.  The 
points  at  which  the  telephones  were  placed  are  given  in  Table  IV. 

For  each  pair  of  positions  4  to  8  experiments  were  made ;  the  total 
number  of  experiments  was  125.     To  eliminate  the  effect  of  suggestion 
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and  practice,  the  experiments  were  made  in  an  irregular  order,  and  not 
in  the  order  given  in  the  table.  Mr.  T.  Nakashima,  a  well  trained  ob- 
server, was  the  subject  of  the  experiments. 


C,  median. 


Table  IV. 

Ay  horizontal. 

B,  frontal. 

right 

left 

right         left 

I 

22.5° 

22.5° 

22.5°     22.5° 

2 

45° 

45° 

45°        45° 

3 

67° 

67° 

67°        670 

4 

90° 

90° 

90°         90° 

5 

112.5° 

112.5° 

112.5°  112.5° 

6 

135° 

135° 

135°      135° 

7 

157.5° 

157.5° 

157.5°  157.5° 

8 

0° 

180° 

0°      180° 

front 

back 

22.5° 

22.5° 

45° 

45° 

67° 

67° 

90° 

90° 

112.5° 

112.5° 

135° 

135° 

157.5° 

157.5° 

0° 

180° 

The  fundamental  phenomenon  always  observed  in  experiments  of  this 
kind  is  that  the  two  similar  impressions  received  by  the  two  ears  were 
combined  into  one  sound. 

The  results  of  these  experiments  are  given  in  Table  V.  The  table  is 
to  be  interpreted  in  the  following  manner.  When  the  telephones  were 
in  the  positions  given  in  Table  IV,^  the  sound  appeared  to  be  in  the  direc- 
tions given  under  similar  headings  in  Table  V  ;  thus  A  i  ot  the  latter 
-corresponds  to  ^i  of  the  former,  etc.  The  expressions  contained  in  the 
parentheses  represents  judgments  of  this  character:  **  front  but  a  trifle 
upward,*'  etc.  The  letter  k  means  **  in  the  head;'*  the  other  letters 
have  the  meanings  given  on  p.  3. 

Table  V. 
A  B 

1  L  Ao\  Ao).  Aot).  K^i)  ^.  K^).  K^**),  Ko),  /•(»,  k{bo) 

2  AA'*)>Ao).  b,  b{k),  k{/),  k{/)      k,f{o),  k(i),  k{b),  kib) 

3  b,  b,  b[k),  b{o),  ^r)  k,  >,  k{u\  f{o),  f{o) 

4  /,  /,  ^  K^).  ^('t),  b{o),  k,  k{b)  /,  /,  b,  b{k),  b{^k),  b{o),  k,  k{b) 

5  b,  b,  b[k  ),  b{ko)  b,  b,  k,  k{b),  bu 

6  by        by        by        by        b{k)  b  {u)  y        b{k)y        b{u)y        b  {til)  y        b 

7  by       by       by       by       b{k)y       b{ko)  U{rb)y       U(rb)  ,       «(/),        «(r),       U[rb) 
-8        f.f.AAo).      Kk)  Oy      0{b)y      o{f) 

C 

1  Ao).  Ao).  Ao).  A^)^  A^) 

2  Ao)^  Ao).  Ao)^  f.  f 

3  Ao)yAo)^AAf 

4  /.  /,  /.  Ao)>  K^) 

5  by  b{u)y  /,  /.  /.  / 

6  b{u)y       b{u)y       by       by       b 

7  U(b)y       U{b)y       U{b)y       b      OX    fy     f    OX      b 

8  0{f)y       0{b) 
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Table  V.  shows  that  all  the  sounds  were  localized  in  the  median  plane. 
A  slight  deflection  from  the  median  plane,  which  is  indicated  by  the  let- 
ters in  parentheses,  seems  to  be  the  effect  of  slight  deviations  in  the  position 
of  the  head,  in  manner  of  placing  the  telephones  and  in  occasional  differ- 
ence between  the  intensities  of  the  two  sounds,  all  of  which  we  could 
not  govern  accurately. 

In  group  A  most  sounds  were  perceived  to  be  at  b  or  bik).  But 
when  the  two  ears  were  stimulated  by  sounds  coming  from  22.5°  and 
22.5°,  or  45°  and  45°,  or  0°  and  180°,  most  of  the  perceived  sounds 
were  perceived  to  be  at/. 

In  group  B  the  sound  was  perceived  to  be  at  k  (in  the  head)  when  the 
two  ears  were  stimulated  by  sounds  from  above,  whereas  it  was  per- 
ceived to  be  at  b  ox  u  when  the  two  ears  w^re  stimulated  by  sounds 
from  below.  When  the  sounds  were  given  at  o  and  //  the  sound  was  per- 
ceived to  be  at  o. 

In  group  C  most  of  the  perceived  sounds  were  localized  at  fo  and  / 
when  the  two  ears  were  stimulated  by  sounds  situated  between  0°  and 
112.5°.  But  the  sounds  were  mostly  perceived  at  ^  or  w  when  the 
two  ears  were  stimulated  by  sounds  situated  lower  than  135®. 

The  conclusion  seems  to  be  justified  by  the  results  of  this  set  of  experi- 
ments that,  in  whichever  of  the  three  primary  planes  the  objective 
sounds  may  be  placed,  the  perceived  sound  is  always  localized  (in  so  far 
as  the  sensitiveness  of  the  two  ears  is  the  same  and  the  two  objective 
sounds  are  exactly  equal)  in  the  median  plane  if  these  sounds  are  placed 
in  such  a  way  that  the  distances  between  one  ear  and  the  sources  of  the 
sounds  are  equal  to  the  distances  between  the  other  ear  and  the  same 
sources  respectively. 

Since  equal  distances  have  equal  influences  upon  the  intensity  of  a 
sound,  the  above  conclusion  can  be  expressed  in  terms  of  intensity, 
namely,  when  the  two  ears  are  stimulated  simultaneously  by  sounds  of 
equal  intensity  the  perceived  sound  is  always  localized  in  the  median 
plane.  Conversely  we  can  say  that  when  a  sound  is  localized  in  the 
median  plane  the  intensities  of  the  impressions  in  the  two  ears  are  equal. 

There  still  remains  the  question  concerning  the  component  upon  which 
depends  the  discrimination  between  front  and  back,  above  and  below  in 
the  median  plane.  It  is  true  that  in  the  median  plane  the  localization  is 
very  imperfect.  Still  the  existence  of  some  localizing  power  in  this 
plane  was  proved  by  the  results  of  the  experiments  conducted  by  v.  Kries.* 
Here  the  localization  cannot  be  explained  by  the  principle  of  relative 

1  V.  Kries,  Ueber  das  Erkennender  Schallrichtungj  Zt.  f.  Psych,  u.  Physiol,  d.  Sinn., 
1890  I  235. 
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intensity,  for  the  two  ears  are  stimulated  with  the  same  intensity.  The 
experiments  of  v.  Kries  and  Rayleigh  '  show  us  that  the  possibility 
of  the  localization  in  the  median  plane  depends  to  a  great  extent  upon 
the  constitution  of  the  sound  and  upon  practice.  A  pure  tone,  such 
as  that  produced  by  a  tuning  fork,  is  in  general  localized  distinctly  only 
with  difficulty,  but  a  noise  or  a  tone  mixed  with  overtones  (such  as  the 
noise  produced  by  striking  small  blocks  against  each  other,  or  the  human, 
voice)  seems  to  be  better  localized.  The  difference  which  exists  between 
the  two  cases  seems  to  arise — though  it  it  is  not  easy  to  make  it  definite 
by  an  experiment — from  the  fact  that  the  quality  and  pitch  of  a  sound 
are  more  or  less  modified  according  to  its  position  in  the  median  plane, 
for  the  sound  waves  will  be  more  or  less  influenced  by  the  position  of  the 
sound  with  respect  to  the  position  of  the  pinnae.  Not  only  the  quality 
and  the  pitch,  but  also  the  absolute  intensity  of  the  sound  will  be  different 
according  to  its  position.     These  factors  will  be  considered  later. 

2.  Dependence  of  the  localization  of  a  sound  in  the  horizontal  plane 
upon  the  unequal  intensities  of  the  impressions  in  the  two  ears. 

When  a  source  of  sound  is  situated  not  far  from  us,  either  on  the  left  or 
on  the  right  side,  the  intensities  of  the  impressions  produced  in  the  two 
ears  are  not  equal,  for  the  intensity  of  a  sound  varies  (according  to  the 
generally*  accepted  law  of  propagation  of  sounds)  inversely  as  the  square 
of  the  distance.  The  difference  between  the  distances  becomes  smaller 
as  the  source  of  sound  approaches  the  median  plane,  while  it  grows 
greater  as  the  source  of  sound  moves  more  toward  the  side. 

The  question  is  whether  or  not  we  localize  the  perceived  sound  at 
different  points  according  to  the  change  in  the  relative  difference  between 
the  intensities  of  the  sensations  received  in  the  two  ears.  A  definite 
answer  was  sought  by  the  following  set  of  experiments. 

In  the  preceding  experiments  I  noticed  that  the  reflection  of  the  sound 
from  the  surrounding  walls  had  some  influence  upon  the  localization.  It 
seemed  desirable  in  further  experiments  to  avoid  this  source  of  error,  as 
far  as  possible.  A  small  separate  chamber  4  feet  long,  4  feet  wide  and  4 
feet  high,  with  walls  of  felt,  was  arranged  in  a  quiet  spacious  room  on 
the  top  floor  of  the  Yale  Laboratory.  Instead  of  a  spherical  cage  as  used 
in  the  foregoing  experiments  the  following  arrangement  was  made  for 
determining  the  objective  positions  of  the  telephones. 

On  the  floor  of  the  chamber  a  circle  was  described,  whose  radius  was 
65"^.     This  circle  was  divided  into   12  equal  parts  by  12  radii  at  30** 


1  Rayleigh,    Our  perception   of  the  direction  of  a  source  of  sound,  Nature,   1876 
XIV  32. 
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apart.  The  person  experimented  upon  was  seated  in  the  center  of 
the  chamber.  His  head  was  adjusted  by  a  support  in  such  a  way  that  the 
line  connecting  the  openings  of  the  two  ears  would  intersect  at  its  mid- 
dle point  an  imaginary  line  drawn  from  the  center  of  the  circle  perpen- 
dicularly to  the  floor.  In  order  to  eliminate  the  influence  of  suggestion 
upon  judgment,  the  eyes  of  the  observer  were  blindfolded  before  he  was 
allowed  to  enter  the  chamber.  He  consequently  never  knew  anything 
of  its  construction  or  contents.  Two  telephone-stands  of  a  T  shape  were 
prepared.  E^ch  stand  could  be  erected  on  any  of  the  1 2  divisions  in 
such  away  that  the  longer  arm  would  be  perpendicular  to  the  floor  and 
the  shorter  one  would  be  parallel  to  the  radius  at  that  point.  A  telephone 
was  hung  on  the  shorter  arm  by  means  of  strings.  The  height  of  the 
shorter  arm  was  adjusted  so  that  the  telephone  would  lie  in  the  same  line 
with  the  openings  of  the  ears. 

The  wires  from  one  telephone  were  connected  with  the  secondary  coil 
of  a  sliding  inductorium.  The  wires  from  the  other  telephone  were  con- 
nected with  the  two  binding  posts  at  one  end  of  the  primary  coil, 
where  the  electric  current  coming  through  an  electro-magnetic  tuning 
fork  in  another  room  was  to  be  divided  into  two  circuits,  one  of  which 
served  for  the  primary  circuit  of  the  inductorium  and  the  other  for  the 
circuit  of  the  second  telephone.  The  current  for  the  latter  telephone 
passed  through  a  copper  sulphate  rheostat.  By  means  of  this  rheostat 
the  intensity  of  the  current — and  consequently  the  intensity  of  the  tele- 
phone sound — could  be  regulated.  The  secondary  coil,  with  which  the 
wires  of  the  first  telephone  were  connected,  carried  a  pointer  which 
passed  over  the  divisions  of  the  millimeter-scale  on  the  base  of  the  in- 
ductorium. By  changing  the  distance  between  the  coil  the  intensity  of 
the  induced  current — and  consequently  the  intensity  of  the  telephone 
sound — could  be  regulated. 

In  this  set  of  experiments  a  self-interrupting  electro-magnetic  fork  of 
250  complete  vibrations  was  placed  as  a  shunt  across  the  telephone  circuit. 
The  current  from  a  lamp  battery  *  passed  through  the  fork  during  half  its 
period  of  vibration,  while  during  the  other  half  of  the  period  it  passed  to 
the  telephone  apparatus.  Thus  a  tone  of  250  vibrations  could  be  pro- 
duced in  the  telephones. 

The  standard  intensity  of  the  current  could  be  regulated  at  pleasure 
by  changing  the  lamps  of  the  battery.  When  the  telephone  circuit  was 
closed  by  the  key  each  telephone  produced  a  sound  of  definite  pitch, 
with  an  intensity  depending  upon  the  amount  of  liquid  resistance  intro- 
duced or  upon  the  distance  of  the  secondary  coil  from  the  primary  one. 

^ScRiiTURE,  New  apparatus  and  methods ^  Stud.  Yale  Psych.  Lab.,  1896  IV  76. 
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First  group. 

In  the  first  group  of  experiments  the  telephones  were  placed  directly- 
opposite  the  openings  of  the  ears  at  a  distance  of  40*".  The  current 
was  turned  on  for  a  little  more  than  a  second,  the  two  sounds  being  pro- 
duced simultaneously.  When  the  sounds  ceased  the  observer  was  to  an- 
nounce the  direction  of  the  sound  which  he  perceived.  The  experi- 
menter was  to  take  the  record  both  of  that  direction  and  of  the  distance 
of  the  secondary  coil  from  the  primary,  which  represented  the  intensity 
of  the  current  for  one  telephone.  During  the  experiment  the  intensity  of 
the  current  for  the  other  telephone  was  kept  constant. 

The  first  subject  was  A.  Fisher,  the  laboratory  janitor,  a  well-trained 
observer  without  the  slightest  knowledge  of  the  arrangements  or  inter- 
est in  the  results.  He  always  perceived  only  one  sound  instead  of  two 
separate  sounds  and  projected  the  sound  in  one  of  five  directions  in  a 
horizontal  plane  about  the  same  level  as  his  eyes,  i.  e.,  at  r,/r,/,  fl^  /, 
according  to  the  difference  between  the  intensities  of  the  two  sounds.  If 
we  call  for  the  sake  of  convenience  the  relative  intensities  * '  strongest, ' ' 
*' stronger,"  "equal,"  "weaker"  and  "weakest,"  the  results  can  be 
summarized  as  follows. 

1.  When  Ry  intensity  of  the  component  of  the  sound  on  the  right 
side,  was  "strongest,"  and  Z,  intensity  of  the  component  of  the 
sound  on  the  left  side,  was  "  weakest,"  the  perceived  sound  was  projected 
toward  r. 

2.  When  R  was  "stronger"  and  L  "weaker"  the  perceived  sound 
was  projected  toward /r. 

3.  When  R  and  L  were  "equal  "  the  perceived  sound  was  projected 
toward/. 

4.  When  ^  was  "weaker"  and  L  "stronger"  the  perceived  sound 
was  projected  toward  fl, 

5.  When  R  was  "weakest"  and  L  "strongest"  the  perceived  sound 
was  projected  toward  /. 

The  next  subject  was  Dr.  C.  E.  Seashore,  assistant  in  the  laboratory. 
He  knew  where  the  two  telephones  were  placed  and  how  the  intensities 
would  be  varied.  The  results  were  practically  the  same  as  those  of  the 
first  observer.  The  only  difference  was  that  the  second  observer  could 
distinguish  finer  differences  of  direction  than  the  first  observer  could. 
This  suggested  the  possibility  of  having  the  results  stated  in  a  scale  of 
degrees.  This  was  tried  with  success  on  Mr.  C.  Wakamatsu,  a  young 
Japanese  student  of  science,  who  was  totally  ignorant  of  the  method  of 
the  experiment  and  the  arrangement  of  the  apparatus. 
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Before  stating  the  results  it  must  be  made  clear  that  the  exact  relation 
between  the  intensity  of  the  electric  current  and  the  intensity  of  the 
telephone  sound  is  not  known,  and  that  the  rate  of  change  in  the  inten- 
sity of  the  current  which  corresponds  to  the  distance  of  the  secondary 
coil  from  the  primary  can  not  be  numerically  stated.  All  we  can  say  is 
that  the  intensity  of  the  telephone  sound  increases  with  the  increase  of 
the  induced  current  and  that  the  intensity  of  the  induced  current  be- 
comes stronger  as  the  secondary  coil  is  moved  nearer  to  the  primary  coil. 
The  rate  of  change  in  the  intensity  is  not  constant ;  in  the  particular 
instrument  employed  it  is  rather  rapid  between  2*"  and  4*^°*,  slow  between 
4'^"*  and  9*"°  and  rapid  again  beyond  9*"".  It  must  also  be  noted  that  we 
cannot  average  directly  the  results  for  several  days ;  owing  to  the  nature 
of  the  experiment  we  can  not  keep  all  the  conditions  perfectly  constant 
during  different  days.  Slight  changes  in  the  positions  both  of  the  tele- 
phones and  the  head  of  the  observer  and  minor  errors  in  apparatus  were 
sufficient  to  produce  somewhat  varying  results.  I  am,  therefore,  com- 
pelled  in  all  succeeding  experiments  to  take  the  average  of  the  results 
of  experiments  conducted  within  a  few  hours  on  the  same  day,  during 
which  the  above  mentioned  conditions  could  be  kept  tolerably  constant. 
On  the  present  occasion  no  attempt  will  be  made  to  establish  a  numerical 
relation  between  the  variation  in  the  relative  intensities  of  the  two  sounds 
and  the  variation  in  the  localization  of  the  perceived  sound.  We  must 
be  satisfied  if  the  general  dependence  of  the  latter  upon  the  former  is 
proven. 

Table  VI. 

Case  II. 

Distance  of  the 
Number  of     secondary  coil  Number  of 

experiments,    for  the  right     Localization,     experiments, 
telephone. 


Distance  of  the 

secondary  coil 

for  the  left 

telephone. 


Case  I. 


Localization. 


IQcm 

9 
8 

7 

65 
6 

5 

4 
3 

AT 

I 

0-5 


fr  50° 

A  27.5 

fr  25 
fr  22.5 
/;-  18 
fr  10 

/      0.5 
fl      0.5 

f    27.5 
/    55 

fl  75 


3 

2 

2 
2 
2 
I 
2 
2 
2 
2 
2 
I 


io«"  fl  80° 

9  fl   1^ 

8  fl   (30 

7  fl  41.7 

6.5  bl  70 

6  / 

5  /or  ^ 

4  fr  (^ 

3  fr  dOGt  brdo 

2  fr  do 

I  /r  60 

0.5  fr  82.5 


2 
2 
2 

3 

2 

2 
2 

2 
2 
2 
2 


In  Case  I  the  probable  error  varies  from 

O  to  rb  ZO%. 


In  Case  II  the  probable  error  varies  from 
o  to  ±  «o^ 


« 
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The  averages  for  the  experiments  are  given  in  Table  VI.  Case  I  gives 
the  results  when  the  left  sound  was  varied  while  the  other  was  kept  con- 
stant, and  Case  II  gives  the  results  when  the  right  sound  was  varied  and 
the  other  was  kept  constant.  In  these  and  subsequent  similar  experiments, 
the  observer  announced  the  direction  of  the  perceived  sound  in  a  scale  of 
degrees,  taking/ and  ^  as  o°  and  counting  toward  r  and  /.  For  example, 
fr  60^  means  that  the  sound  is  in  the  front  60 ^^  toward  r  and  br  60°  means 
that  the  sound  is  in  the  rear  60 ^^  toward  r. 

To  eliminate  the  effect  of  suggestion  the  experiments  were  made,  as  in 
the  preceeding  section,  in  an  irregular  order. 

The  general  relations  which  were  stated  on  page  18  are  shown  here  more 
plainly.  The  transition  of  the  perceived  direction  according  to  the 
change  in  the  relative  intensities  of  the  two  sounds  is  not  only  more 
gradual,  but  more  minutely  scaled.     Figure  3  shows  diagrammatically  the 

results  of  the  experiments.*  This  figure 
and  the  similar  figures  in  the  following 
pages  represent  the  mental  field  of  locali- 
zation of  sound.  The  median  plane  of 
the  auditory  field  coincides  with  the  real 
median  plane  of  the  head,  but  the  mental 
right  and  left  do  not  seem  to  lie  exactly 
in  the  frontal  plane  of  the  head.  The 
directions  that  appear  to  us  a  right  and 
left,  seem  to  lie  slightly  in  front  of  the 
auditory  axis.  The  apparent  right  and 
left  seem  to  be  determined  by  visual  sensations  and  consequently  to  lie  in 
a  line  tangent  to  both  eyes.  This  seems  to  aff"ord  some  explanation  of  the 
fact  that  we  localize  the  preceived  sound  slightly  in  the  back  of  the  ap- 
parent right  and  left  line  when  the  two  component  sounds  have  the  maxi- 
mum relative  difference  in  intensity. 

In  comparing  the  localizations  of  Case  II  with  those  of  Case  I  we  find  that 
the  latter  is  surer  and  finer  than  the  former.  In  Case  II  we  find  not  only 
a  less  careful  angular  scale,  but  sometimes  a  bewilderment  of  judgment 
as  to  whether  the  sound  came  from  the  front  or  from  the  rear.  This 
difference  seems  to  have  its  origin  in  the  difference  in  sensitiveness  be- 
tween the  two  ears  of  the  observer.  The  sensitiveness  of  each  ear  of  the 
observer  was  examined  bv  means  of  the  audiometer  *  and  it  was  found 


Fk;.  3. 


*  In  this  and  the   next  figures  the  full  lines  represent  Case  I    and  the  doited  lines 
Case  II. 

*  .\ccxirding:  to  the  methcnl  described  by  Scriptirk,  Threshold  of  intensity  for  sotmd^ 
Stud.  Vale  ]'sych.  l^b.,  1896  IV  103. 
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that  the  ratio  of  the  sensitiveness  of  the  right  ear  to  that  of  the  left  ear 
was  as  I o  to  II.  It  is  probable  that  the  discriminating  ability  for  the 
change  in  the  intensity  of  a  sound  depends  upon  the  sensitiveness  of  the 
ear.  As  the  right  ear  of  the  observer  was  less  sharp  than  the  left  ear, 
the  discriminating  ability  of  the  former  would  be  less  than  that  of  the  lat. 
ter.  Accordingly,  when  the  variable  soundwas  on  the  left  side  and  the 
constant  sound  was  on  the  right  side  the  difference  between  the  intensities 
of  the  two  sounds  would  be  more  accurately  perceived  than  when  the  sounds 
were  given  in  the  other  way. 

Moreover,  when  the  variable  sound  was  on  the  right  side  and  the  con- 
stant sound  on  the  left  side  the  observer  tended  sometimes  to  localize 
the  perceived  sound  in  the  rear  hemisphere  instead  of  the  front,  or  some- 
times he  could  not  decide  whether  the  sound  was  front  or  back,  though 
he  perceived  the  angular  displacement  of  the  sound  from  o°,  for  ex- 
ample, he  could  not  decide  whether  the  sound  came  from  /  or  by  fr  60° 
or  br  60°.  The  same  uncertainty  will  be  found  again  in  later  experi- 
ments. The  cause  of  such  confusion  between  front  and  back  location, 
as  we  may  call  it,  must  be  sought  in  the  similarity  of  the  relation  be- 
tween intensities  with  which  the  sounds  situated  in  the  two  directions  in 
question  are  received  by  the  two  ears  respectively.  This  point  will  re- 
ceive special  consideration  later. 


Case  I. 

Distance  of  the 


Table  VII. 

Case  II. 
Distance  of  the 


secondary  coil 
for  the  left 

localization. 

Number  of 
experiments. 

secondary  coil 
for  the  right 

Localization. 

Number  of 
ex()eriments. 

telephone. 

telephone. 

• 

I2cm 

br  70° 

I 

I  gem 

/  900 

I 

II 

br  52.5 

2 

II 

10 

br  AS 

3 

10 

bl  75 

3 

9 

br  31 

4 

9 

bl  72 

3 

8 

br  10 

3 

8 

bl  20 

3 

7 

b 

I 

7 

br    5 

3 

6-5 

bi     5 

4 

6.5 

br  13 

3 

6 

bl  25 

4 

6 

br  40 

3 

5 

bl  30 

3 

5 

br  66.7 

3 

4 

bl  57 

5 

4 

^r  23.3 

3 

3 

bl   50 

3 

3 

br  83.3 

3 

2 

/  90 

2 

2 

r  90 

3 

I 

/  90 

2 

I 

r  90 

3 

In  Case  I  the  probable  error  varies  from 

In  Case  II  the  probable  < 

error  varies  from 

0  to  —  11%. 

0  to  db  32%. 

AVe  must  at  any  rate  conclude  that  the  dependence  of  the  localization 
upon  the  relative  difference  between  the  intensities  of  the  impressions 
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in  the  two  ears  does  not  necessitate  that  the  perceived  sound  will,  under 
the  conditions  of  our  experiments,  always  be  localized  forward.  It  is 
quite  reasonable  to  suppose  that  the  perceived  sound  will  sometimes  be 
localized  backward  under  the  same  conditions,  esf)ecially  when  the  inten- 
sity of  the  perceived  sound  is  weakened  on  account  of  physical,  physi- 
ological or  mental  circumstances.  In  connection  with  this  the  results  of 
experiments  upon  another  jjerson,  Mr.  W.  S.  Johnson  (a  student  of  psy- 
chology), are   interesting.      He  localized  all  sounds  backwards.     The 

average  results  of  the  experiments  upon 
him  are  shown  in  Table  VII.  Case  I 
gives  the  results  when  the  sound  of  the 
left  telephone  was  varied,  and  Case  II 
the  results  when  the  sound  of  the  right 
telephone  was  varied  Figure  4  shows  the 
results  diagrammatically. 
The  preceding  experiments  were  made  without  any  previous  practice, 
and  the  observers  were  required  to  tell  only  the  direction  of  the  perceived 
sound.  It  was  found  that  after  some  practice  an  observer  could 
tell  not  only  the  direction,  but  also  the  distance,  of  the  perceived 
sound.  So  the  experiments  were  repeated  upon  Mr.  C.  Wakamatsu 
to  determine  what  would  be  the  apparent  distance  of  the  sound.  By  this 
time  the  observer  was  somewhat  practiced  in  the  work,  and  the  judg- 
ments were  more  definitely  announced  than  in  the  previous  experiments. 
The  following  table  shows  the  average  results.  The  Japanese  unit  *'  sun  '  * 
was  used  by  the  observer  in  estimating  the  linear  distances.  One 
is  equal  to  3.03  cm.  nearly. 

Tahle  VIII. 
Case  I. 


Fig.  4. 


"sun" 


Distance  of  the 
second ar>'  coil 

Judjjment  of 

JudjTi 

Tient  of 

Number 
of  ex  peri 

for  the  left 

direction. 

di^^t 

ance. 

telephone. 

ments. 

I2cm 

A  76° 

7-3""" 

(22<^'"} 

3 

II 

A  67 

8-7 

(26) 

3 

10 

A  70 

7 

(21) 

3 

9 

A  27 

10 

(30) 

3 

8 

ji  12 

9-3 

(28) 

7 

Ji  30 

8.7 

(26) 

3 

6 

fi  M 

11 

(23) 

3 

5 

flio 

5 

1.15) 

3 

4 

Jill 

3-7 

(") 

3 

3 

Ji  80 

Z^:, 

(10) 

3 

2 

fl^l 

3 

(   9) 

3 

I 

/83 

3 

(   9) 

3 

In  Case  I  the  probable  error  for  direction  varies  from  o  to  in  8%  and  that  for  distance 
varies  from  o  to  rii  3%. 
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Case  II. 


Distance  of  the 
secondary  coil 

Judgment  of 

Judgment  of 

Number 

of  experi 

ments. 

for  the  right 
telephone. 

direction. 

distance. 

j2cm 

^/Ss^ 

gsun 

{26™") 

2 

II 

^/82.5 

> 

7-7 

(23) 

3 

10 

^/55; 

^730  or/ 30 

8 

(24) 

3 

9 

_/?6o;  < 

hl^o\fl20oxbl2.o 

6  or 

8       ( 18  or  24) 

3 

8 

box/ 

8.7 

(26) 

3 

7 

brSO 

6-3 

(^9) 

3 

6 

fr(>S'. 

^r  50 

5-5 

(«7) 

3 

5 

fr  85'; 

^r  50 

4-5 

orS   (14  or  15) 

3 

4 

/r8o 

4-5 

(M) 

3 

3 

r  90 

3-2 

(10) 

3 

2 

r  90 

3 

(  9) 

2 

I 

r  90 

3 

(  9) 

I 

In  Case  II  the  probable  error  for  direction  varies  from  o  to  ±  3%  and  that  for  distance 
varies  from  o  to  ±  1 1%. 

Figure  5  shows  diagrammatically  the  results  for  Case  I  and  Figure  6  the 
results  for  Case  II. 


Fig.  5. 


Fig.  6. 


The  judgment  of  direction  was  surer  in  Case  I  than  in  Case  II,  as  in  the 
preceding  experiments  on  the  same  person.  In  Case  II  the  sound  which 
was  perceived  under  the  same  conditions  was  at  one  time  projected  at/ and 
another  time  at  b^  or  the  sounds  which  were  at  one  time  projected  zXfl 
20°  and  fl  30°  were  at  another  time  projected  at  bl  20°  and  bl  30°  re- 
spectively. 

As  to  the  perception  of  distance  the  intensity  of  the  perceived  sound 
seems  to  furnish  the  data  for  the  judgments.  In  the  above  experiments 
the  intensity  of  the  variable  sound  was  strongest  when  the  secondary  coil 
was  at  the  distance  of  i*^;  it  grew  less  strong  as  the  distance  was 
greater,  and  became  weakest  at  12°",  Accordingly  the  distance  of  the 
sound  was  perceived  as  least  when  the  secondary  coil  was  i*™  distant 


24 


M.  MdisumotOy 


from  the  primary,  and  it  was  f)erceived  to  be  greater  as  the  coil  was  moved 
towards  the  other  end  of  the  scale.  The  gradual  change  in  the  distance 
according  to  the  change  in  the  intensity  is  clearly  seen  in  the  results. 

The  observer  seemed  to  choose  a  certain  intensity  as  a  standard  to 
which  he  ascribed  a  certain  distance ;  the  distance  of  another  sound 
seemed  to  be  judged  by  comparing  its  intensity  with  this  standard  inten- 
sity. As  a  consequence  the  estimate  of  distance  is  different,  at  least  so 
far  as  our  experiment  goes,  in  different  individuals.  This  can  be  seen 
by  comparing  the  above  results  with  the  following  results  which  were  ob- 
tained by  making  the  same  experiment  on  the  obser\'er,  Mr.  W.  S. 
Johnson,  in  whose  case  all  sounds  were,  as  before,  projected  towards  the 
back.     He  estimated  the  distance  in  inches  (i  inch  =  2J^*"°). 


Table 

IX. 

• 

Case  I. 

Distance  of  the 

secondary  coil 

Judgment  of 

Judgment  of 

for  the  left 

direction. 

distance. 

telephone. 

Iiem 

r   90° 

48»» 

(120^) 

:o 

r   90 

57 

(143) 

9 

br  52 

51 

(128) 

8 

b 

36 

(90) 

7 

bl    7.5 

36 

(90) 

6 

^/53 

28.5 

(71) 

5 

bin 

16.5 

(41) 

4 

I    90 

8 

(20) 

3 

/    90 

6 

(15) 

Number 
of  experi- 
ments. 

2 
4 
4 
4 
4 
4 
4 

I 

In  Case  I  the  probable  error  for  direction  varies  from  o  to  db  I7/&  and  that  for  distance 
varies  from  o  to  d:  10^ . 


Case  II. 


Distance  of  the 
secondary'  coil 

Judgment  of                   Judgment  of 

Number 
of  experi- 
ments. 

for  the  right 
telephone. 

direction.                         distance. 

Ijcm 

/    90°                       60*" 

(150^") 

4 

10 

bl  82.5                      57 

(143) 

4 

9 

/    90                         60 

(150) 

4 

8 

f>                              39 

(98) 

4 

7 

br  15                         31.5 

(79) 

4 

6 

brAtO                        Zl-l 

(83) 

4 

5 

brSo                         26 

(65) 

4 

4 

br%2.S                        6 

(15) 

4 

3 

r    90                            6 

(15) 

I 

In  Case  II  the  probable  error  for  direction  varies  from  0  to  ±  16% 

and  that  for  distance 

varies  from  0  to  rb  9  % . 
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Thus  in  Johnson's  case  the  greatest  distance  was  60  inches  (iso*^), 
while  in  the  case  of  Wakaniatsu  it  was  about  12  inches  (30*"°);  the 
shortest  distance  was  6  inches  (iS*""")  in  the  case  of  the  former  and  3.7 
inches  (9^°")  in  the  case  of  the  latter. 

In  the  preceding  experiments  the  intensity  of  the  sound  was  not 
changed  in  regular  succession,  for  it  was  desirable  to  eliminate  the  in- 
fluence of  suggestion  from  the  results.  It  seemed,  however,  desirable  to 
repeat  the  experiments  by  changing  the  intensity  of  sound,  both  de- 
scending and  ascending  in  regular  order.  The  average  results  of  the  ex- 
periments conducted  in  this  way  are  given  in  Table  X.  •  Here  the 
changes  in  the  direction  and  the  distance  were  perceived  with  greater 
regularity,  but  in  other  respects  the  results  were  not  greatly  different  from 
those  of  the  preceding  experiments. 

Figures  7  and  8  show  the  results  diagrammatically. 

In  closing  the  experiments  of  the  first  group  I  tried  to  see  whether  a 
curve  of  the  localized  points  for  the  perceived  sounds  .could  be  ob- 
tained if  the  two  sounds  were  given  continuously  for  a  certain  length  of 
time  during  which  the  intensity  of  one  of  the  two  component  sounds  was 
varied  in  diminuendo  or  in  crescendo.  The  experiments  were  made  on 
the  observer  C.  W. 

a.  When  the  intensity  of  the  left  sound  was  changed  in  diminuendo, 
by  sliding  the  secondary  coil  from  i™  to  15"",  while  keeping  the  inten- 
sity of  the  right  sound  constant,  the  sound  was  perceived  as  if  travelling 


Table 

X. 

Case  I. 

Distance  of  the 

secondan'  coil 

m 

Judgment  of 

Judgment  of 

Number  of 

for  the  left 

direction. 

distance. 

experiments. 

telephone. 

13"" 

r   90° 

8. 7  •"''(26cm) 

3 

12 

fr  76.7 

9 

(27) 

3 

II 

fr  76.7 

9 

(27) 

3 

10 

fr  73.3 

9.3 

(28) 

3 

9 

fr  61.7 

10 

(30) 

3 

8 

Jr  Zll 

10 

(30) 

3 

7 

A  133 

9  3 

(28) 

3 

6 

/  oxb'.fl 

15 

8;9 

(24;  27) 

3 

5 

fl  26.7 

8 

(24) 

3 

4 

ft    40 

6.7 

(20) 

3 

3 

f   43.3 

5-7 

(17) 

3 

2 

fl    70 

4.5 

(13) 

3 

I 

fl    70 

4-3 

(13) 

3 

In  Case  I  the  probable  error  for  direction  varies  from  o  to  db  25%  and  that  for  the  dis- 
tance from  O  to  ±:  5%. 
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Case  II. 


Distance  of  the 

secondary  coil 

for  the  right 

telephone. 

13cm 

12 
II 
10 

9 

8 

7 
6 

5 
4 

3 

2 

I 


Judgment  of 
direction. 


^/8oo 
bl  76.7 
d/ 70;  JiSs 

>^43-3 

^  30 ;  ^^30 

JrZS\f 

fr  43.3 

fr  55  ;  ^r  80 

^r  80 

fr  80 ;  ^r  80 

r    90 


Judgment  of 
distance. 


IO«un     (30^™) 

10  (30) 

10  (30) 

10  (30) 

10  (30) 

10  (30) 

9;  8  (27;  24) 
8       (24) 

7;  5(21;  15) 

4  (12) 

4  (12) 

3.7  (") 

3-7  (") 


br  83.3 

In  Case  II  the  probable  error  for  direction  varies  from  o  to 
tance  from  o  to  dr  8%. 


Number  of 
experiments. 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 
and  that  for  dis- 


Fig.  7. 


Fic.  8. 


from  fl  80°  or  /  90°,  3""°  (9*""),  passing  to  the  front  at  a  distance  of 
6'"°  (18'^'")  and  stopping  at /r  80°,  or  R  90°,  12'""  (36*='"),  so  that 
the  point  of  localization  described  a  semi -oval  ring  with  narrow  end 
directed  to  the  right  of  the  observer. 

When  the  intensity  of  the  left  sound  was  varied  in  crescendo  by  slid- 
ing the  secondary  coil  in  the  reverse  way,  the  perceived  sound  started  at 
fr  80°,  10""*  (30™),  passed  to  the  front  at  a  distance  of  7™°  (21*=") 
and  stopped  at  /  90°,  4*""  (i2*''").  Sometimes  after  the  sound  had 
reached  about  fl'6o^  the  observer  became  uncertain  whether  the  sound 
travelled  in  front  from  that  point  to  /  90°  or  travelled  in  back  from  dl 
60*^  to  790°. 

b.  When  the  intensity  of  the  right  sound  was  varied  in  diminuendo. 
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and  that  of  the  left  sound  was  kept  constant,  the  sound  was  perceived  as 
if  travelling  from  r  90*^,  3'"°  (9*"°),  passing  to  the  front  and  stopping 
at  /  90°,  8™°,  24*"*.  The  sound  seemed  sometimes  to  travel  in  the 
rear,  though  at  some  points  it  was  uncertain  whether  the  sound  was  to  the 
rear  or  the  front. 

When  the  intensity  of  the  right  sound  was  varied  in  crescendo  the 
sound  seemed  to  start  at  ^/8o°,  10"'*  (30*"")  and  travelling  to  the  rear, 
to  stop  at  hr  80°,  4"°  (12*"°). 

This  completes  the  record  of  the  first  group.  The  results  show  con- 
clusively the  existence  of  a  continuous  functional  relation  between  the 
relative  difference  in  intensity  (between  the  impressions  in  the  two  ears) 
and  the  localization  in  direction. 

Moreover,  it  can  be  considered  as  established  that  a  perceived  sound 
is  located  on  the  side  from  which  the  stronger  sensation  is  received,. 
the  greater  the  relative  difference  between  the  two  sensations,  the  greater 
being  the  angular  magnitude  of  the  side-localization. 

Second  group. 

• 

When  we  perceive  a  sound  as  situated  in  the  horizontal  plane,  the  in- 
tensities of  the  sensations  in  the  two  ears  are  always  different,  except 
when  the  source  of  sound  is  situated  in  the  sagittal,  or  fb,  axis.  The 
difference  between  the  two  intensities  is  greatest  when  the  sound  is  situ- 
ated nearly  in  the  auditory,  or  r/,  axis,  for  here  the  difference  of  dis- 
tances between  the  source  of  the  sound  and  the  two  ears  is  greatest.* 
When  the  source  of  sound  moves  gradually  from  the  auditory  axis 
and  at  the  same  time  approaches  the  sagittal  axis  this  difference  be 
comes  smaller.  It  has  also  been  shown  in  the  first  group  of  experiments 
that  the  localization  depends  upon  the  value  of  the  difference  between 
the  intensities  of  the  sensations  in  the  two  ears.  From  these  two  facts  it  is 
to  be  expected  that  when  each  ear  is  affected  by  two  sounds  coming  from 
symmetrical  points  on  the  two  sides  respectively  the  limits  within  which 
the  perceived  sound  is  localized  will  be  different  according  to  the  posi- 
tions of  the  symmetrical  points. 

We  have  already  studied  the  field  of  localization  of  the  perceived 


^  It  must  be  noticed  here  that  even  when  the  two  ears  are  equally  sharp  the  difference 
between  the  intensities  of  the  sounds  heard  by  the  two  ears  cannot  be  determined  simply  by 
taking  the  inverse  ratio  between  the  squares  of  the  distances  from  the  sound  to  the  ears. 
When  an  exact  expression  is  wanted,  we  must  take  into  account  the  effects  of  the  refrac- 
tion of  the  sound-waves  around  the  head,  the  reflection  of  the  sound  from  the  surrounding 
walls,  and  of  the  conduction  of  the  sound  from  one  tympanum  to  the  other  through  the 
head  . 
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sound  when  two  objective  components  are  placed  at  r  and  /,  that  is,  when 
the  relative  difference  in  intensity  between  the  impressions  in  the  two  ears 
is  greatest.  In  that  case  the  field  of  localization  covered  almost  an  entire 
semicircle  either  in  front  or  in  back,  and  sometimes  covered  more  than 
an  entire  semicircle.  Our  next  task  is  to  inquire  whether  this  field  of 
localization  would  be  contracted  if  the  relative  differences  were  made 
smaller.  To  answer  the  question,  experiments  were  made  on  the  ob- 
server C.  W.  under  the  following  conditions  : 

1.  Two  telephones  were  situated  at/r  60*^  andyf  60°  respectively. 

2.  Two  telephones  were  situated  at/r  30^  andyf  30°  respectively. 

3.  Two  telephones  were  situated  at  dr  60*^  and  N  6o*  respectively. 

4.  Two  telephones  were  situated  at  br  30°  and  bl  30°  respectively. 
The  average  results  of  the  experiments  under  condition  i .  are  shown 

in  Table  XI. 

Table  XI. 
Case  I. 


Distance    of  sec- 
ondary coil  for 
left  telephone. 


Judgment  of       Judgment  of 
direction.  distance. 


l2om  /r46.7°     10.3™"  (31"") 

II  /r40.8       10.  (30) 

10  A  18.3     II. I  (33) 

9  /no         II  (33) 

8  Jl  2l.^        9.1  (27) 

7  ^46.7        8.4  (25) 

6  ^50.8        6.9  (21) 

5  y?56.6        5-9  (^8) 

4  fldo  4.9  (15) 

3  JI60  4.3  (13) 

2  JI62  3.9  (12) 

I  y?6o  3.5  (II) 

The  number  of  experiments  on  each 
point  is  6. 

In  Case  I  the  probable  error  for  direc- 
tion varies  from  o  to  d=  57%,  and  that  for 
distance  fi-om  dr  3%  to  zb  13%. 


Distance   of  sec- 
ondary coil  for 
right  telephone. 

II 

10 

9 
8 

7 
6 

5 
4 

3 

2 

I 


Case  II. 

Judgment  of 
direction. 

y?36.6° 
f    o 

A  15.7 

A  38.3 

A  48.3 
A  45 
A  48.3 
A  48.3 

A  48.3 


Judgment  of 
distance. 


I  J  BUD 

10.7 
II 
II 
9.9 

8.4 
6.9 

6.3 
6.4 
4.6 

4-3 
3-8 


(33"") 
(31) 

(33) 
(30) 

(25) 
(21) 

(«9) 
(19) 
(14) 
(13) 
(") 


In  Case  II  the  probable  error  for  direc- 
tion varies  from  ±:  3%  to  rh  17%  and  that 
for  distance  from  y^%  to  8%. 


The  results  are  graphically  represented  in  Figures  9  and  10. 

Here  the  relative  difference  between  the  intensities  of  the  sensations  in 
the  two  ears  must,  for  external  reasons,  have  been  smaller  than  that  in  the 
preceding  experiments.  The  field  of  localization  of  the  perceived  sound 
was  accordingly  much  more  contracted.  When  the  sound  of  the  left 
telephone  was  varied,  the  field  covered  a  sector  included  between  y?  62^ 
and  A  46- 7°-  When  the  sound  of  the  right  telephone  was  varied,  the 
field  was  still  more  contracted,  covering  a  sector  included  between  ft  36. 6*^ 
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and/r  51.7°.  In  both  cases  most  of  the  perceived  sounds  were  projected 
on  the^side  on  which  the  source  of  the  variable  component  sound  was 
situated.     Again,  in  both  cases  no  perceived  sound  was  projected  back- 


FlG.  9. 


Fjg.  10, 


ward,  and  no  doubt  existed  as  to  the  position  of  the  perceived  sound,  as 
was  the  case  when  two  telephones  were  situated  at  right  and  left.  The 
average  results  of  the  experiments  under  condition  2.  are  given  in  Table 
XH. 


Tahle 

XII. 

C.VSK  I. 

Case  II. 

Distance  of  the 

Distance  of  the 

secondary  coil 

Judgment  of 

Judgm 

ent  of 

secondary  coil 

Judgment  of 

Judgment  of 

for  the  left 

direction. 

distance. 

for  the  right 

direction. 

distance. 

telephone. 

telephone. 

I  2*^'" 

A  36.7° 

1 1- 3""°  (34"" 

)           I2«°» 

/500 

^•un  (27*^") 

II 

fr  35 

"3 

(34) 

II 

^46.7 

10      (30) 

TO 

A  30 

II-3 

(34) 

10 

fl  ll'Z 

9.3  (28) 

9 

fr  26.7 

II 

k^Z) 

9 

f  Z^l 

10      (30) 

8 

fr  20 

11.3 

(34) 

8 

7^233 

9.3  (28) 

7 

A    7 

10 

(30) 

7.5 

/   0 

10      (30) 

6.8 

/  0 

10 

(30) 

7 

fr    I'l 

9.5  (28) 

6 

f  16.7 

9.3 

(28) 

6 

fr  20 

9.3  (28) 

5 

.// 16.7 

9 

(27) 

5 

A  36.7 

8.3  (25) 

4 

Ji  30 

6.5 

(19) 

4 

A  40 

6.3  (19) 

3 

Jl  Z^'l 

5.7 

(17) 

3 

A  zi'Z 

6     (18) 

2 

Ji  AO 

5 

(15) 

2 

frAO 

4.3  (13) 

I 

/f  40 

4.5 

(13) 

I 

A  36.6 

4.6  (14) 

The  number  of  experiments  on  each  point  I       In  Case  II  the  probable  error  for  direc- 
is  3.  lion  varies  from  o  to  ±  19%  and  that  for 

In  Case  I  the  probable  error  for  direction  !   distance  from  o  to  dt  10%. 

varies  from  o  to  zb  31%  and  that  for  dis-  | 

lance  from  o  to  10%.  j 

Figures  1 1  and  1 2  represent  these  results  graphically. 
In  Case  I  the  field  of  localization  covered  a  sector  included  between 
fr  36.7°  and/  40°  and  in  Case  II  it  covered  a  sector  included  between 
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fl  50*^  and /r  40°.  The  observer  was  sure  of  his  judgments  and  never 
projected  the  sound  backward.  The  tendency  to  project  the  perceived 
-sound  more  on  the  side  on  which  the  source  of  the  variable  sound  was 
situated  was  lessened  here,  and  the  localizations  were  more  evenly  dis- 
tributed. 


Fig.  II. 


Fig.  12. 


A  similar  contraction  of  the  field  of  localization  of  the  perceived  sound 
was  observed  with  the  same  subject  when  the  sources  of  sound  were  situ- 
ated behind  the  observer.  Here  we  noticed  that  the  perceived  sounds 
were  frequently  located  in  front.  Under  condition  3.,  when  the  in- 
tensity of  the  sound  on  the  side  of  the  sharper  ear  (left)  was  varied,  most 
of  the  perceived  sounds  were  located  in  front,  62  of  72  perceived  sounds 
being  decidedly  located  in  front.  On  the  contrary,  when  the  intensity  of 
the  sound  on  the  side  of  the  duller  ear  was  varied  most  of  the  perceived 
sounds  were  located  in  back,  though  some  of  them  were  located  in  front. 
Table  XIII  gives  the  average  results  for  the  experiments. 


Table 

XIII. 

Case  I. 

Usual  localization. 

1 

nee. 

Occasional  localization. 

Direction. 

> 
Distal 

r 

Direction. 

Distance. 

A  64° 

IO>aD      j 

\l^'^) 

^r  70° 

e.s'"" 

(19cm) 

A  56 

9-4 

(28) 

br^r^ 

7 

(21) 

frAA 

10 

[30) 

hr  70 

6.5 

(19) 

fr^O 

9.6 

(29) 

brio 

7 

(21) 

fl    8.5 

10         1 

:3o) 

br  20 

6.5 

(19) 

/31 

9         ( 

>i) 

/51.6 

6.9     1 

[21) 

fl  60 

6.4     1 

;i9) 

/'/  40 

S 

(«S) 

^66.7 

4.5      1 

;i4) 

y/70 

3.8     ( 

;") 

fliz 

3        ( 

.  9) 

bl  80 

3 

(9) 

fl  80 

3        ( 

:  9) 

bl  70 

3 

(  9) 

Distance  of  the 

secondary  coil 

for  the  left 

telephone. 

I2cm 

II 
10 

9 
8 

7 
6 

5 
4 

3 

2 

I 

The  number  ot  experiments  on  each  point  is  6. 

In  Case  I  the  probable  error  for  direction  varies  from  di  2%  to  6%  and  that  for  distance 
from  o  to  d:  l%. 
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Case  II. 


Distance  of  the 

secondary  coil 

for  the  right 

telephone. 

I2cm 


Usual  localization. 


Occasional  localization. 


Direction. 


Distance. 


Direction. 


Distance. 


II 

10 

9 

8 

7 
6 

5 
4 

3 

2 

I 


bl  70° 
bl  70 
fl  45 

fOTb 

fr  oi»  br  30 
^r  46.7 
br  \(},1 

^'-533 
^r  60 

^^63.3 

^r  66.7 


8 
10 

7-3 
10 

8.5 
6.1 

4.3 
3.6 

3.3 
2.8 

3-2 


(22'=") 

(24) 
(30) 

(22) 

(30) 

(25) 
(18) 

(13) 

(") 
(10) 

(   8) 

(10) 


bl  7o« 
7?  20 
fr  or  ^r  20 
foib 


gian 
10 

8 
10 


(24^) 
(30) 
(24) 
(30) 


In  Case  II  the  probable  error  for  direction  varies  from  o  to  db  12%  and  that  for  distance 
from  o  to  -^- 


FiG.  13. 


Fjg.  14. 


Figures  13  and  14  show  these  results  diagrammatically. 

The  results  of  the  experiments  under  condition  4  are  given  in  Table 
XIV. 

Figures  15  and  16  show  the  results  graphically. 

These  results  show  that  the  field  of  localization  of  the  perceived  sound 
covered  larger  sectors  in  the  experiments  under  condition  3.  than  in 
the  experiments  under  condition  4.  In  the  former  it  covered  a  sector 
included  between y^  64°  andy?  80°  in  front  and  a  sector  included  between 
/fr  75°  and  bl  80**  in  back,  while  in  the  latter  it  covered  a  sector 
included  between  fr  55**  andy?  56.7**  in  front  and  a  sector  included  be- 
tween br  60°  and  bl  60**  in  back. 


3* 


.1/.   Afa/sumofo, 


the  *e<.'/r*d*rv 

f '>il  for  lh*r 
left  tclej/horje. 

12  •"- 

II 

lo 


TAfcLE   XIV. 

Case  I. 


'  K:ca>ic<ial  localLzatic  n. 


I  direction. 


Instance. 


I>:revlii>n. 


Distacoe. 


9 

8 

7 
6 

5 

4 
3 

2 
I 


A  35 

A  35 

/or  ^ 
/  20 

/43-3 

^45 

^^45 

/43-3 

^^45 


:r  ^O" 


jror  'r  35 
'>30 


//  or  'V  50 


S*--*    24 


9 
S 


rjr.%   I  27^  ) 
9         (27' 

8  24. 

9  '  27  • 

9      '  27  • 

8.7  26. 

9      '27) 

6.8  f20) 

5  5  "6) 
5.5  ■i6> 
4.2  'I31 
4  5     13' 

The  numJ^er  of  expierimcnts  on  each  f^iint  i-*  3. 

In  f  "aie  I  the  proJ^ble  error  for  direction  varies  from  o  t»i  -:  65  ,;  and  that  for  distance 
from  o  to   '   28%. 

Cask  II. 


5 


27^ 

21  , 

15' 


//or  '^Z  50  3.5    f  10  I 


liifttanceofthe 
ficrondarvcoil 

0 

Csual  IfKali/ation. 

<  »cca«.ional 

localization. 

for  the  rij{ht 
telephone. 

I  direction. 

Distance. 

direction. 

I.)istancc. 

,2-w 

yf40^ 

griun 

I  24"" , 

/'/  60^ 

"•UD 

/ 

(21*^) 

II 

y^53.3 

7.7 

•23) 

10 

yf56.7 

7 

«2I) 

9 

yfSo 

7.3 

(22  1 

0 

'24)^ 

8 

^  or  ^ 

7 

(21; 

//40  ;    'V30 

(    0 

7 

/ 

II 

(33) 

•              ■             '                    s.* 

\6 

1181  J 

6 

A  55 

6.5 

(19) 

/  r  40 

5 

(15) 

5 

A  45 

6 

(I8) 

'■/-  40 

6 

1  iS) 

4 

A  45 

6.5 

(19) 

/'/-  50 

4 

(12) 

3 

/fr^O 

4.5 

fi3) 

/''  30 

4 

!  12) 

2 

A  45 

4 

(12) 

/'/•  40 

3 

<    9) 

I 

/r40 

3-3 

(lO) 

a;-  50 

-* 

J 

'    9) 

In  Case  II  the 

probable  error 

for  direction  varies 

from  0  to  :-  8%  an 

«1  that  1* 

i^r  distance 

from  0  lo    ».-  15%. 

Our  exi)cctation  that  the  acoustic  field  would  he  contracted  more  as  the 
two  sources  of  sounds  approached  more  to  the  median  plane,  and  c  onse- 
(juently  the  relative  difference  between  the  intensities  of  the  sensations  in 
the  two  ears  would  grow  less,  was  realized  by  the  second  group  of  experi- 
ments. As  to  the  forward  and  backward  projection  of  the  perceived 
sounds  the  above  results  resemble  those  of  the  first  group  of  experiments, 
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where  it  was  asserted  that  the  cause  of  such  forward  and  backward  localiza- 
tion must  be  sought  in  the  equality  of  the  relation  between  the  intensities 
with  which  the  sounds  localized  in  the  two  directions  in  question  are  re- 
ceived by  the  two  ears  respectively.  In  a  similar  way  we  will  say  here 
that  the  forward  and  backward  projection  in  the  experiments  under  con- 
ditions 3.  and  4.  originates  in  the  resemblance  which  exists  between  the 
relative  differences  in  the  intensities  with  which  the  two  sounds  at  the 


Fig.  15. 


Fig.  16. 


back  are  heard  by  the  two  ears  and  the  relative  difference  in  the  intensities 
with  which  the  two  sounds  at  the  corresponding  points  in  front  are  heard 
by  the  two  ears,  for  otherwise  the  sounds  would  never  be  localized  both 
in  front  and  in  back  in  such  a  confused  way  as  shown  in  the  above  tables. 

3,  Previous  Investigations, 

In  going  over  a  large  number  of  monographs  that  treat  of  the  localiza- 
tion of  a  sound  as  depending  on  the  intensities  with  which  the  vibratory- 
movenients  affect  the  two  ears  we  find  several  that  are  of  special 
imi)ortance. 

We  must  first  notice  Seebeck's'  computation  of  the  intensities  with 
which  the  air-vibrations  from  a  sounding  object  reach  the  ears. 

Let  us  suppose  that  the  right  ear  is  turned  to  a  sonorous  body  and  the 
left  toward  a  wall.  Supposing  the  wave-length  of  the  sound  to  be  ^,  the 
e<[uation  of  the  vibratory  movement  will  be 

7  =  (?  cos   2;r  I  —  4.  tI, 

where  c  represents  the  velocity  of  the  propagation  of  the  sound,  /  the 
time,  y  the  extent  to  which  an  air  particle  is  displaced  at  the  moment  /, 

'  Skkhfxk,  Die  ZurUckwer/wtg  des  Schalfes^  Annalen  d.  Physik  u.  Chemie  (Poggen. 
(loiiVj,  1846  LVXIII  465. 
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Table  XIV. 

Case  I. 

Distance  of 
the  secondary 

Usual 

localization. 

Occasional  localization. 

coil  for  the 
left  telephone. 

Direction. 

Distance. 

t 

Direction. 

Distance. 

j2em 

br^O^ 

Qtun  ^27*^°^) 

II 

A  35 

9      (27) 

br  50° 

S'°°  (24™) 

lO 

^''43-3 

8      (24) 

9 

A  35 

9      (27) 

fr  or  br  35 

9      (27) 

8 

A  30 

9      (27) 

^r30 

8      (24) 

7 

foxb 

8.7   (26) 

6 

ft  20 

9      (27) 

^/30 

7      (21) 

5 

fl  Ml 

6.8   (20) 

4 

Jf  AS 

5.5    (16) 

blZO 

5      (15) 

3 

^45 

5.5    (16) 

Jl  or  <^/  50 

s    (15) 

2 

>^43.3 

4.2    (13) 

I 

>^45 

4.5   (13) 

f.  or  <^/  50 

3-S  (»o) 

The  number  of 

experiments 

on  each  point  is  3. 

In  Case  I  the  probable  error 

for  direction  varies  from 

0  to  -t-  65%  and  that  for  distance 

from  o  to  -^-  28%. 

Case  II. 

Distance  of  the 
secondary  coil 

Usual  localization. 

Occasional  localization. 

for  the  right 
telephone. 

Direction. 

Distance. 

Direction. 

Distance. 

I2cm 

JlAO^ 

gron  (24''*n») 

^/6o° 

■yiun  C2I<^™^ 

II 

J^SZ'Z 

7.7     (23) 

10 

y/56.7 

7         (21) 

9 

8 

7 

JiSo 
b  ox  k 

f 

7.3    (22) 
7         (21) 

7/40;  bl^o 

(8(24)\ 
\6(i8)j 

6 

A  55 

6.5    (19) 

br  40 

5       (15) 

5 

A  45 

6      (18) 

/v  40 

6      (18) 

4 

A  45 

6.5   (19) 

br  50 

4      (12) 

3 

br^o 

4.5  (13) 

A  30 

4        (12) 

2 

fr^S 

4      (12) 

/^r  40 

3      (  9) 

I 

A  40 

11   (10) 

br  50 

3      (  9) 

In  Case  II  the 

probable  error  for  direction  varies  from 

0  to  rb  87o  and  that  for  distance 

from  0  to  dz  15%. 

Our  expectation  that  the  acoustic  field  would  be  contracted  more  as  the 
two  sources  of  sounds  approached  more  to  the  median  plane,  and  conse- 
quently the  relative  difference  between  the  intensities  of  the  sensations  in 
the  two  ears  would  grow  less,  was  realized  by  the  second  group  of  experi- 
ments. As  to  the  forward  and  backward  projection  of  the  perceived 
sounds  the  above  results  resemble  those  of  the  first  group  of  experiments, 
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where  it  was  asserted  that  the  cause  of  such  forward  and  backward  localiza- 
tion must  be  sought  in  the  equality  of  the  relation  between  the  intensities 
with  which  the  sounds  localized  in  the  two  directions  in  question  are  re- 
ceived by  the  two  ears  respectively.  In  a  similar  way  we  will  say  here 
that  the  forward  and  backward  projection  in  the  experiments  under  con- 
ditions 3.  and  4.  originates  in  the  resemblance  which  exists  between  the 
relative  differences  in  the  intensities  with  which  the  two  sounds  at  the 


Fig.  15. 


Fig.  16. 


back  are  heard  by  the  two  ears  and  the  relative  difference  in  the  intensities 
with  which  the  two  sounds  at  the  corresponding  points  in  front  are  heard 
by  the  two  ears,  for  otherwise  the  sounds  would  never  be  localized  both 
in  front  and  in  back  in  such  a  confused  way  as  shown  in  the  above  tables. 

J.  Previous  Investigations, 

In  going  over  a  large  number  of  monographs  that  treat  of  the  localiza- 
tion of  a  sound  as  depending  on  the  intensities  with  which  the  vibratory- 
movements  affect  the  two  ears  we  find  several  that  are  of  special 
importance. 

We  must  first  notice  Seebeck's*  computation  of  the  intensities  with 
which  the  air- vibrations  from  a  sounding  object  reach  the  ears. 

Let  us  suppose  that  the  right  ear  is  turned  to  a  sonorous  body  and  the 
left  toward  a  wall.  Supposing  the  wave-length  of  the  sound  to  be  A,  the 
e<[uation  of  the  vibratory  movement  will  be 


y  ^=.  a  cos   2 


''(t  +  ^)' 


where  c  represents  the  velocity  of  the  propagation  of  the  sound,  /  the 
time,  y  the  extent  to  which  an  air  particle  is  displaced  at  the  moment  /, 


*  Sekp.f.ck,  Die  Zuruckwerfung  des  Schalhsy  Annalen  d.  Physik  u.  Chemie  (Poggen. 
dorflj,  1846  LVXIII  465. 
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a  the  maximum  value  of  y,  and  r  a  constant  time-value  indicating  the 
phase.  If  the  time  be  counted  from  the  moment  at  which  the  value  for 
the  direct  wave  is  greatest  in  the  right  ear^  then  the  vibration  will  be  ex- 
pressed by 

ct 
y  ^=^  a  cos  25r  —  . 

The  direct  wave  reaches  the  left  ear  in  two  ways.  The  first  way  is 
through  the  air  whereby  the  sound-waves  which  have  proceeded  to  the 
head  are  bent  round  to  the  ear.  Let  d  represent  the  additional  distance 
travelled  by  the  sound-wave  in  reaching  the  left  ear  around  the  head 
after  having  arrived  at  the  right  ear.     Then  the  vibration  in  the  left  ear 

will  be  expressed  by 

cf—d 
y  SB  —  k  a  COS  2r  . 

where  the  minus  sign  expresses  the  change  in  the  phase  and  >^  is  a  posi- 
tive number,  which  expresses  the  weakening  of  the  sound  due  to  the  re- 
fraction around  the  head. 

In  addition  to  the  refracted  portion  the  ear  receives  vibrations  trans- 
mitted from  the  right  side  to  the  left  ear  through  the  solid  parts  of  the 

head.     If  .  be  the  selatioA  betweep  this  route  aad  the  wave-length — the 

latter  being  referred  not  to  the  air  but  to  the  solid  bony  substance,  then 

-  is  a  very  small  quantity  for  all  usual  tones.     The  second  part  of  the  wave 

in  the  left  ear  will  be  expressed  by 

„       .  ct^e 

y    =  /  cos  2r  — ^ — 

where  /  indicates  the  weakening  which  the  sound  suffers  on  this  second 
route.     If  we  add  together  these  two  components  for  the  left  ear,  we  have 

ct  —  d       .  ct  —  e  ct  —  ^ 

y  =3  —  ka  cos  2r ^ —  +  ta  cos  2Jr  — ^ —  =  i>a  cos  2Jr  — ^ — , 


where  /  =     W  -\-  i^  —  2  ik  cos  277  -  ^— 

k  cos  2TZ  . I  cos  2T.  — 

(5  A  / 

and  cos  2--  =: 

As  for  the  reflected  wave,  it  will  be  expressed  for  the  left  ear  by 

y^  =  —  qa  cos  2r  — ^ — , 
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and  for  the  right  ear  by 

y  =1  -{■  qa  cos  2r , 

where  the  factor  —q  indicates  the  weakening  of  the  sound  and  the 
change  in  the  phase  produced  by  the  reflection,  and  /  the  distance  from 
the  median  plane  of  the  head  to  the  wall. 

If  we  now  add  the  elements  which  proceed  from  the  direct  and  re- 
flected waves,  we  obtain  for  the  right  ear 


and  for  the  left 


/  =  tfjCOS2;r'^^  +  r^| 
y=  jj,C0S2r^''^4.T,J, 


where  the  phase  differences  r^  and  t^j  do  not  concern  us  for  the  present 
purpose,  but  a^  and  a^^  are  determined  by  the  equations 

a^  =  j»  /  I  +/y  +  2/^  cos  2  r^-i^\ 

V  =  ^M  /  +  ^  +  2/^ cos  2  TT  — p— I- 

These  quantities  give  the  intensities  of  the  two  physical  sounds  in  the  two 
ears  respectively,  for  the  latter  are  to  be  measured  by  the  squares  of  the 
amplitudes. 

It  should  be  in  criticism  that  the  direct  transmissioQ  of  the  soimd-waves 
through  the  skull  is  an  utterly  negligible  quantity,  but  that  the  transmis- 
sion from  one  tympanum  to  the  other  through  the  skull  is  a  very  impor- 
tant, though  undeterminable,  factor. 

We  must  next  consider  Steinhauser's  theory  of  binaural  audition.^ 
He  worked  out  on  geometrical  principles  the  laws  which  determine  the 
relative  intensities  with  which  a  sound  will  reach  the  two  ears.  Accord- 
ing  to  him  the  pinna  acts  as  a  funnel  to  conduct  into  the  ear  those  waves 
of  sound  which  in  consequence  of  their  direction  reach  but  could  not 
otherwise  enter  it. 

The  regions  of  direct,  indirect,  and  mixed  hi^aring  w^e  distinguished 
according  to  the  nature  of  the  path  by  which  the  sound  waves  reach  the 

1  Steinhauser,  The  theory  of  binaural  audition^  Phil.  Mag.,  1879  (5)  VII 
181,  261.  (ThisisatranslfttioDof  Steinhauser,  Die  Tkeoried.  binauralen  H9rens,  Wien 

1877.) 
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ears.  In  direct  hearing  the  waves  proceeding  from  the  sonorous  body 
reach  the  ear  in  a  straight  line  and  enter  the  auditory  meatus  directly.  In 
indirect  hearing  the  waves  proceeding  from  the  source  of  sound  do  not 
reach  the  ear  in  straight  lines,  but  after  undergoing  reflection  from 
external  objects.  In  mixed  hearing  the  waves  reach  the  ear  partly 
directly  and  partly  indirectly. 

The  formula  deduced  by  Steinhauser  for  direct  hearing  is  as  foUdws  : 
Let  ^  be  the  angle  between  the  plane  of  the  pinna  and  the  line  of  sight,, 
and  a  the  angle  which  the  line  of  sight  makes  with  the  direction  of  the 
sound ;  and  let  i^  and  /,  represent  the  relative  intensities  with  which  the 
sound  is  heard  in  the  two  ears ;  then 

tan  a  :  tan  /?  : :  /,  —  t\  :  i^  +  /, . 

The  direction  in  which  a  source  of  sound  is  situated  may,  therefore,  be, 
according  to  Steinhauser,  estimated  by  the  different  intensities  with 
which  a  sound  is  perceived  in  the  two  ears.  From  the  above  formula  the 
case  can  be  deduced,  in  which  /,  =  /, .  We  have  then  tan  a  =  o  and 
hence  «  =  o .  This  is  the  case  in  which  the  sound  is  just  in  the  direction 
of  the  line  of  sight. 

If  a  source  of  sound  is  situated  in  the  region  of  indirect  hearing,  no 
waves  of  sound  can  reach  the  surface  of  either  of  the  pinnae  directly ;  the 
sound  produced  by  the  sonorous  body  can  evoke  a  sensation  as  the  results 
of  reflection,  provided  we  neglect  the  possible  conduction  of  sound 
through  solid  bodies  and  by  refraction  around  the  head  and  pinnae.  Let 
a  be  the  angle  which  the  rays  of  sound  make  with  the  line  of  sight  before 
reflection,  a^  the  angle  they  make  after  reflection,  and  tp  be  the  comple- 
mentary of  the  angle  which  the  line  of  sight  makes  with  the  surface  which 
reflects  the  rays  of  sound ;  then  by  a  geometrical  operation 

a^rsz  2ip  —  a. 

That  which  is  heard,  therefore,  indirectly  in  the  direction  a  makes  the 
same  impression  as  that  heard  directly  in  the  direction  a^-,  in  which  case  «^^ 
whose  value  is  dependent  on  ^,  may,  without  any  change  of  the  direction 
of  the  waves  of  sound,  assume  an  indefinite  number  of  different  values, 
since  the  position  of  the  reflecting  surface  may  as  well  be  any  other  than 
it  is,  or  there  may  be  many  reflecting  surfaces. 

If  a  source  of  sound  is  situated  in  the  region  of  mixed  hearing,  then 
the  direct  rays  of  sound  can  reach  only  one  of  the  two  pinnne,  while 
both  may  be  reached  by  the  indirect  rays.  Accordingly  let  t\  be  the  in- 
tensity with  which  the  direct  rays  of  sound  affect  one  ear,  and  p^  the 
increment  of  that  intensity  due  to  the  effect  of  reflexion.     Let  (>.^  be  the 
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intensity  of  the  sensation  in  the  right  ear,  due  to  the  reflexion  alone. 
Then,  on  summing  up  the  indirect  and  direct  effects,  the  following  equa- 
tion is  obtained : 

tan  a  ==  ^]  +  ^1  ""  ^«  tan  ?. 
'1  +  f\  +  P% 

Hence,  by  calculation,  we  can  find  the  angle  within  the  region  of  direct 
hearing  in  which  the  source  of  sound  is  erroneously  imagined  to  lie. 

Steinhauser  devised  an  instrument  called  homophone,  wherewith  to 
test  his  theory.  It  consisted  of  a  system  of  wooden  tubes  for  bringing  to 
the  ears  the  sounds  of  two  organ-pipes  tuned  to  unison,  whose  respective 
intensities  could  be  regulated  by  stop  cocks.  It  was  held  by  its  inventor 
to  confirm  his  theory. 

The  observation  that  by  binaural  audition  the  image  of  the  perceived 
sound  is  localized  apparently  in  the  occipital  region  of  the  head  was 
made  first  by  PuRKYNfe.*  In  his  experiments  it  was  shown  that  when  a 
tone  was  conducted  simultaneously  to  the  two  ears  separately  by  means 
of  rubber  tubes  the  acoustic  image  was  not  perceived  in  the  ears,  but  was 
perceived  in  the  occipital  region  of  the  interior  of  the  head. 

An  apparently  similar  localization  of  the  sound  in  the  occipital  or 
frontal  region  was  observed  by  several  subsequent  investigators,  such  as 
S.  P.  Thompson,'  Plumaudon,'  Urbantschitsch,*  and  Kessel.* 

PoLiTZER*  emphasized  the  fact  that  for  the  perception  of  the  direction 
of  a  sound  the  fact  of  binaural  hearing  was  requisite.  He  made  numer- 
ous experiments  upon  normal  and  abnormal  persons  and  found  that  in 
monaural  audition  the  sound  was  localized  on  the  side  of  the  open  ear. 
When  a  watch  was  moved  in  the  horizontal  plane  and  heard  with  one  ear 
closed,  the  tick-tick  was  localized  on  the  side  of  the  open  ear  even  when 
the  watch  was  moved  some  distance  farther  to  the  other  side  of  the  me- 
dian plane.  The  perception  of  the  position  of  the  sound  became  more 
difficult  when  the  sound  was  moved  further  toward  the  closed  ear.  In 
the  case  of  persons  who  suffered  from  diseases  of  the  ears  a  similar 
error  was  observed,  a  mistake  of  180®  for  perceiving  the  direction  of  a 
sound  being  often  made.     The  diminution  of  the  localizing  power  was 

1  PuRKYNfe,  Prager  Vierteljahresschrift,  i860  III  94. 

2  Thompson,  On  binaural  audition^  Phil.  Mag.,  1877  (5)  IV  274;  1877  (5)  VI  283. 

3  pLi  MAunoN,  The  Telegraphic  Journal,  London,  Sept.  1879. 

<  I'RBANTSCHITSCH,  Zur  Lehre  von  der  SchalUmpfindungy  Arch.  f.  d.  ges.  Physiol. 
(PflUger),  1 881  XXIV  574. 

5  K  ESS  EL,  Ueber  die  Function  der  Ohrmuschel  bei  den  Raumwahmehmungeny  Arch, 
f.  Ohrenheilk.,  1882  XVIII  I20. 

^PoLiTZER,  Studien  Uber  die  Paracusis  loci.  Arch.  f.  Ohrenheil.,  1876  XI  231. 
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observed  also  in  persons  who  suffered  from  hard  hearing  of  one  or  both 
ears.  With  many  persons  the  mistakes  of  localization  were  first  noticed 
when  they  were  subjected  to  a  special  test.  He  ascertained  also  that  in 
binaural  audition  the  localization  was  especially  defective  for  a  sound  in 
the  median  plane,  where  the  source  of  sound  was  equally  distant  from 
the  two  ears. 

Thompson  noticed,  during  his  experiments  on  binaural  hearing,  an 
acoustic  illusion  due  to  the  &tigue  of  the  ear.  One  ear  was  fatigued  by 
listening  to  a  loud  pure  tone,  and  then  the  listener  tried  to  estimate  the 
direction  of  a  sound  of  the  same  pitch.  If  his  left  ear  were  fatigued  he 
would  invariably  imagine  the  source  of  the  sound  to  be  further  to  the 
right  than  it  really  was,  and  likewise  the  reverse.  The  illusory  displace- 
ment in  the  direction  of  the  sound  was  greater  as  the  fatigue  was  more 
complete.  But  as  the  sounds  of  different  pitch  have  to  stimulate  differ- 
ent fibres  of  the  basilar  membrane  of  the  cochlea,  it  would  be  expected 
that  the  fatigue  produced  by  a  sound  of  a  certain  pitch  would  have  no  ef- 
fect on  the  perception  of  a  sound  of  another  pitch.  According  to  Thomp- 
son's experiments,  when  one  ear  was  fatigued  with  a  c^  fork  no  illusory 
displacement  was  perceived  in  an  a^  fork. 

Tarchanoff  *  found  that  when  telephones  were  held  opposite  the  ears 
and  intermittent  currents  were  sent  through  them,  the  perceived  sound 
was  localized  in  the  median  plane  and  that  it  was  perceived  outside  the 
plane  when  there  was  the  slightest  difference  between  the  intensities  of 
of  the  two  sounds. 

Urbantschitsch  *  found  that  when  one  and  the  same  sound  of  a  certain 
intensity  was  led  into  the  two  ears  separately  by  means  of  a  T  tube,  one 
group  of  his  observers  perceived  the  sounds  as  being  in  the  right  and  left 
ears  with  equal  intensities,  whereas  another  group  perceived  the  sounds  in 
the  right  and  the  left  temporal  regions  of  the  head.  When  the  intensity- 
increased,  these  two  sounds  seemed  to  expand  and  approached  nearer 
to  the  middle  of  the  head,  being  finally  brought  into  fusion  at  a 
sufficient  intensity.  Sometimes  besides  the  two  sounds  a  third  sound 
was  observed  in  the  center  of  the  head ;  the  latter  was  perceived  after 
repeated  experiments  or  only  when  the  observers  paid  special  attention 
to  it.  A  large  proportion  of  the  observers,  when  very  attentive,  per- 
ceived the  sound — not  in  the  ears  but  in  the  interior  of  the  head. 
Finally,  there  were  some  obser\'ers  by  whom  the  sound  was  not  gener- 
ally located  in  the  head,  but  projected  in  front,  to  the  back,  or  above, 

1  Tarchanoff,  St.  Petersbiirger  med.  Wochenschrift,  1878,  No.  43. 
2 Urbantschitsch,  Zur  Lehre  von  dcr  SchalUmpfindting^  Archiv  f.  d.  ges.   Physiol. 
(PflUger),  1881  XXIV  574. 
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In  regard  to  the  intercranial  localization  there  were  some  individual  dif- 
ferences as  to  the  distinct  position  of  the  perceived  sound.  Some  local- 
ized it  in  the  occipital  region  of  the  head,  others  in  the  frontal  region  or 
in  the  forehead,  while  still  others  localized  it  in  the  nose  or  in  the 
pharynx.  Urbantschitsch  asserted  also  that  the  degree  of  fatigue  of  the 
ear  could  possibly  be  determined  by  observing  the  position  of  an  acous- 
tic image.  At  first  a  very  strong  sound  was  conducted  to  one  ear  for  a 
while ;  then  weaker  sound  of  the  same  pitch  was  conducted  to  the  two 
ears  simultaneously.  The  acoustic  image  for  the  latter  case  was  found  at 
first  in  the  ear  which  was  not  fatigued  and  remained  there  for  a  few  sec- 
onds ;  then  the  image  travelled  gradually  towards  the  median  plane  and 
at  last  was  found  at  the  centre  of  the  head.  Urbantschitsch  explained 
the  phenomenon  in  the  following  way.  As  one  ear  was  very  strongly 
stimulated  in  the  beginning  it  was  fatigued  for  some  interval  of  time  and 
the  other  ear,  which  was  not  stimulated,  became  relatively  sharper. 
Consequently,  when  a  weaker  sound  was  conducted  to  the  two  ears 
simultaneously  the  sensation  in  the  latter  ear  was  evidently  stronger  and 
the  perceived  sound  was  located  on  the  side  of  that  ear*  But  the  other 
ear  began  to  recover  gradually,  and  at  the  same  time  the  sharper  ear  be- 
gan to  be  fatigued.  As  a  result,  the  p€rceived  sound  began  to  travel 
towards  the  median  plane  and  at  last  reached  the  center  of  the  head 
when  the  sharpness  of  the  two  ears  became  the  same. 

Kessel*  performed  his  experiments  by  inserting  tubes  from  a  funnel 
shaped  sound-receiver  into  the  ears,  thus  excluding  the  action  of  the 
pinnae.  The  sound  of  a  tuning  fork  was  conducted  into  the  two  ears  by 
this  apparatus.  When  the  tubes  were  of  the  same  length  and  were  opened 
ecjually  wide  the  ears  were  stimulated  with  the  same  strength  and  the  re- 
sulting single  sound  was  located  in  the  median  plane  of  the  head.  If  one 
of  the  tubes  was  more  or  less  pressed  so  that  the  two  ears  were  stimulated 
differently,  then  the  sound  was  perceived  in  the  ear  which  was  stimulated 
more  strongly. 

Kessel  made  another  interesting  experiment.  According  to  him  the 
principle  of  the  localization  of  a  sound  on  the  side  of  a  stronger  excitation 
holds  good  even  in  the  case  when  one  ear  is  not  directly  stimulated  by 
the  waves  of  the  sound,  but  stimulated  by  reflected  waves.  To  prove  this 
he  hung  a  watch  in  the  axis  of  a  parabolic  mirror  ;  the  head  of  the  ob- 
server was  adjusted  between  the  mirror  and  the  watch  so  that  the  two  ears 
were  opposite  them.  Then  the  watch  was  so  adjusted  that  the  reflected 
rays,  which  were  gathered  at  the  focus,  would  stimulate  the  ear  oppo- 


J  Kksski.,  Ueber  die  Function  der  Ohrmuschel  bH  dtn  Raumwahmehmungen,  Arch. 
f.  Ohrenheilk.,  1882  XVIII  120. 
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site  the  focus  more  strongly,  in  which  case  the  sound  was  localized  in  the 
direction  of  the  mirror.  If  the  watch  was  brought  nearer  to  the  ear  on  its 
side,  so  that  the  direct  rays  of  the  sound  would  stimulate  this  ear  more 
strongly,  then  the  sound  would  be  localized  on  the  side  of  the  watch. 

RoGDESTWENSKY*,  onc  of  Tarchanoff's  pupils,  produced  sounds  at 
symmetrical  points,  and  observed  that  the  perceived  sounds  were  local" 
ized  in  the  head,  breast  and  abdomen  according  to  the  difference  in  the 
height  of  the  symmetrical  points. 

To  exclude  the  function  of  one  ear  in  perceiving  the  direction  of  a 
sound,  Preyer'  made  experiments  by  using  a  telephone  instead  of  the 
snapper  sounder.  The  intensity  of  the  telephone  sound  was  weakened 
by  reducing  the  intensity  of  the  electric  current  so  that  by  stopping  the 
ears  the  sound  could  not  be  heard  by  the  subject.  Then  one  ear  was 
opened  so  that  the  sound  was  heard  by  that  ear  only.  The  result  of  the 
experiments  showed  that  under  such  conditions  errors  occurred  which 
were  not  observed  in  ordinary  perception,  and  it  was  often  very  difficult, 
even  with  a  strenuous  attention,  to  get  rid  of  these  errors.  These  errors 
were  localisations  on  the  wrong  side. 

Similar  experiments  were  afterwards  made  by  Arnheim*.  In  his 
experiments  the  number  of  correct  perceptions  with  one  ear  amounted  to 
only  22%  of  the  total,  while  with  both  ears  it  amounted  to  39.7%  (in 
Preyer's  experiments  30%).  He  noticed  also  a  decided  tendency  to 
locate  the  perceived  sound  on  the  side  of  the  open  ear. 

ScHAEFER,*  who  had  made  elaborate  experiments  on  the  perception  of 
the  direction  of  sound  in  cooperation  with  Preyer,  attacked  a  peculiar 
side  of  the  problem  at  a  later  date,  namely,  the  localization  of  beats  and 
difference  tones.     His  results  may  be  summarized  as  follows. 

If  the  relative  intensity  of  the  primary  tones  is  equal,  then  the  beats 
appear  to  proceed  from  the  region  between  the  points  at  which  the  two 
tones  are  situated  whether  they  are  on  the  same  or  different  sides  of  the 
median  plane.  The  localization  of  the  beats  in  the  median  plane  when 
the  primary  tones  of  equal  intensity  are  situated  on  both  sides  of  the 
plane,  is  a  special  case  of  this  general  fact.  Schaefer  thinks  it  clear  that 
when  the  two  forks  are  placed  on  the  same  side  of  the  median  plane  the 


>RoGDESTWENSKY,  Ueber  die  Localisation  der  Gehorscmp/uidungen,  Diss.  1 887. 

*  Preyer,  Die  Wahmehmung  der  Schallrichiung  vtittcht  der  Bogengangt\  Archiv  f. 
d.  ges.  Physiol.  (PflUger),  1887  XL  586. 

>Arnheim,  BeUrdge  zur  Theorie  von  Schallcmpfindujtgcn  mittelest  der  Bogcngdnge^ 
Diss.,  Jena  1887. 

*  Schaefer,    Ueber  die    Wahmehmung  und  Localisation    von    Schiuchttugcn    und 
Differenztonen^  Zt.  f.  Psych,  u.  Physiol.,  1890  I  81. 
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beats  are  perceived  more  strongly  by  the  ear  on  that  side  ;  and  that  the 
beats  are  perceived  by  the  two  ears  with  equal  intensity  when  the  sources 
of  the  tones  are  found  in  the  median  plane.  For  sounds  located  on  differ- 
ent sides  of  the  median  plane  it  can  be,  according  to  Schaefer,  mathe- 
matically proven  that  the  intensity  of  the  beats  is  equal  on  the  two  sides 
when  the  relative  intensities  of  the  primary  tones  are  equal,  but  on  the 
contrary  the  intensity  of  the  beats  is  stronger  on  the  side  of  the  stronger 
primary  tone  when  the  relative  intensities  of  the  primary  tones  are  not 
equal.  Schaefer' s  conclusion  is  that  the  beats  will  be  localized  on  the 
side  of  the  ear  which  is  more  strongly  excited  by  them,  but  in  the  median 
plane  if  the  b^o  ears  are  equally  excited  by  them.  The  further  exact 
determination  of  the  direction  is  dependent  upon  that  of  the  relatively 
stronger  primary  tone.  The  localization  of  beats  is,  therefore,  governed 
by  the  same  principles  as  the  localization  of  simpler  sounds,  i.  e.,  the 
localization  on  the  side  of  the  ear  which  is  excited  more  strongly,  and 
the  localization  of  sounds  in  the  median  plane  when  the  two  ears  are  ex- 
cited with  equal  intensity. 

As  for  the  perception  of  difference  tones,  the  localization  is  apparently 
contradicted  by  that  of  beats.  For  when  two  forks  of  unequal  intensities 
arc  i^laced  on  the  different  sides  of  the  median  plane  the  difference  tones 
are  heard  on  the  side  of  the  weaker  primary  tone.  This  is  not,  however, 
really  contradicted  by  the  localization  of  the  beats  on  the  side  of  the 
stronger  primary  tone.  For  the  localization  of  difference  tones  on  the 
side  of  the  weaker  primary  tone  is  based  upon  the  fact  that  on  this  side 
the  relation  of  intensity  which  is  more  favorable  for  the  perception  of  the 
difference  tones  predominates,  and  the  difference  tones  are  heard  louder 
on  this  side,  for  if  the  left  sound,  for  example,  is  relatively  stronger,  the 
left  ear  is  made  '*  physiologically  deaf"  for  the  sound  coming  from  the 
right  side,  and  thereby  the  perception  of  the  difference  tone  is  made  im- 
possible. Difference  tones  are,  therefore,  localized  after  all  on  the 
side  of  the  ear  which  is  excited  more  strongly.  As  for  the  median  locali- 
zation of  the  difference  tones,  the  result  is  similar  to  that  of  the  beats, 
for  when  the  two  primary  tones  of  equal  intensity  reach  the  ears  from  the 
two  sides  of  the  median  plane  either  by  air  transmission  or  by  cranial 
conduction,  the  difference  tones  are  .localized  in  the  median  plane. 

Finally,  one  more  phenomenon  which  was  emphasized  by  Schaefer  * 
is  to  be  mentioned.  If  a  fork  be  placed  on  the  top  of  the  head  the 
sound  will  be  localized  in  the  median  plane,  but  it  will  shift  to 
one  ear  if  that  ear  be  closed.     Schaefer  explained  this  phenomenon 

^  Schaefer,  Ein  Versuch  iiber  dU  intra kranielle  Leitungleiscs  ter  Tine  von  Ohr  zu 
O/iry  Zt.  f.  Psych,  u.  Physiol,  d.  Sinn,  1891  II  III. 
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in  the  following  way.  The  osseous  parts  of  the  auditory  apparatus,, 
the  tympanum,  and  finally  the  air  in  the  external  auditory  tube  will  be 
put  into  vibration  by  the  waves  which  the  sound  produces  in  the  laby- 
rinth by  means  of  cranial  conduction.  In  this  case,  therefore,  sound  pro- 
ceeds in  just  the  opposite  way  to  the  usual  one,  where  it  passes  from  the 
air  into  the  ear.  Now,  if  we  close  the  ear  with  the  finger,  the  tympanum 
will  be  put  into  stronger  vibration  on  account  of  the  reflexion  of  the 
waves  from  the  finger.  Consequently  the  component  sound  is  stronger  in 
the  closed  ear  and  the  perceived  sound  will  appear  to  shift  from  the 
median  plane  toward  the  side  of  the  closed  ear.  The  same  effect  will 
be  produced  if  we  apply  a  resonator  to  the  ear  either  by  holding  by 
fingers  or  by  supporting  on  a  stand.  To  this  same  class  belongs  another 
phenomenon  which  is  noticed  by  many  persons  of  normal  hearing. 
When  we  sing  loudly  a  low  tone  like  the  German  "  u  "  and  stop  one  ear, 
but  not  very  tightly,  the  tone  will  move  from  the  initial  position  in  the 
larynx  to  the  stopped  ear,  but  it  will  move  again  to  the  median  plane  in 
the  interior  of  the  head  if  the  other  ear  is  stopped  in  the  same  way. 

Bloch  *  investigated  both  binaural  and  monaural  localization  by  meas- 
uring the  least  noticeable  change  in  the  position  of  sounding  body.  His 
conclusion  runs  as  follows. 

The  most  important  function  of  binaural  audition  is  the  perception  of 
the  direction  of  a  sound ;  the  perception  of  direction  is  more  accurate  in 
the  horizontal  and  in  the  frontal  planes  than  in  the  median  plane ;  in  the 
former  two  planes  the  localization  is  based  chiefly  upon  the  relative  dif- 
ference between  the  intensities  of  the  sounds  heard  by  the  two  ears,  and, 
secondarily,  upon  the  change  in  the  intensity  of  the  j>erceived  sound 
which  arises  from  the  influence  of  the  pinnre  ;  and  in  the  median  plane 
the  action  of  the  pinnae  which  collect  the  sound-waves  into  the  auditory 
meatus  is  the  chief  condition  for  the  localization  of  sounds. 

These  investigations  make  it  clear  that  the  relation  of  intensity  between 
the  two  components  of  a  sound  heard  by  the  two  ears  is  a  fundamental — 
or  the  fundamental — factor  of  localization  in  regard  to  direction.  My 
own  work,  reported  in  this  section,  aimed  to  further  define  this  factor 
and  its  effect. 

III.  Localization  of  the   perceived  sound  at  the    middle   point 

BETWEEN    the    SOURCES    OF    TWO    OBJECTIVE    SOUNDS. 

In  the  foregoing  experiments  the  two  telephones  were  restricted  to  the 
same  primary  plane  at  two  points. 


1  Bloch,  Das  binauraU  Horen,  Zt.  f.  Ohrenheilk.,  1893  XXIV  25. 
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In  the  following  experiments  the  telephones  were  placed  at  various 
points  on  the  surface  of  the  spherical  cage  (Fig.  i). 

(^)  One  of  two  telephones  was  situated  in  the  median  plane  and  the 
other  in  the  frontal  plane.  The  two  telephones  were  placed  at  a  same 
level.  The  physical  intensities  of  the  two  sounds  were  kept  as  far  as  pos- 
sible equal  and  constant  during  the  experiments.  The  positions  of  the 
two  telephones  were  as  follows : 


Table  XV. 

Number  of 

position. 

Position  of  the  two  telephones. 

I 

fo  and 

ro 

2 

• 

fo   •« 

to 

3 

fu   ** 

ru 

4 

///   " 

lu 

5 

bo   *« 

ro 

6 

bo   «« 

h 

7 

bti  *' 

ru 

8 

bu  ** 

lu 

9 

f     *• 

r 

10 

/     " 

I 

II 

b     " 

r 

12 

b     ** 

I 

On  the  one  hand,  if  a  sound  comes  from  the  median  plane  only,  the 
two  ears  will  be  stimulated  equally,  and  consequently  the  perceived  sound 
will  be  located  in  the  median  plane.  On  the  other  hand,  if  a  sound  comes 
from  the  frontal  plartre  only,  the  two  ears  will  be  stimulated  with  the  max- 
imum relative  difference  in  intensity,  so  far  as  the  sounds  at  a  same  level 
are  concerned,  and  consequently  the  perceived  sound  will  be  located 
nearly  in  the  frontal  plane.  Now,  if  the  two  ears  are  stimulated  simulta- 
neously, as  in  our  experiments  by  the  two  sounds  situated  in  the  above 
two  planes,  the  relation  between  the  intensities  of  the  sounds  heard  by  the 
two  ears  will  be  just  like  the  relation  between  the  intensities  with  which 
the  two  ears  hear  a  sound  coming  from  the  plane  which  lies  just  between 
the  above  two  planes.  The  perceived  sound  may  accordingly  be  expected 
to  be  located  in  the  plane  between  the  median  and  frontal  planes.  More- 
over, in  our  experiments,  as  the  two  telephones  lie  on  the  same  level  the 
perceived  sound  may  be  expected  to  be  mostly  localized  on  that  level. 

These  expectations  were  fully  realized  by  the  actual  results  which  are 
given  in  Table  XVI.  Mr.  K.  Matsumoto,  a  graduate  student  of  psy- 
chology, and  Mr.  T.  Nakashima  were  the  subjects  of  the  experiments. 

To    make    the    comparison    between  expectation  and   realization 
easier,  I  have  arranged  the  results  as  in  Table  XVII.     The  symbols  in 


44  ^'  MatsumotOy 

Table  XVI. 

Localization. 
Observer  T.  N.  Observer  K.  M. 

,    fory  for,  for,  fo{r),  o(r),         for,  {f)or,  o(r)  o,  o{b), 
fur.  bor  (>^). 


2 


foly  foly  foly  Of  o(b)y  foly  olf  oly  oif  o[b)y 

b(o)/.  0. 


-y  A'**  A^  A^'t  A''*  (/)«"'.    A^  A''* 

"^     bor{^k).  bor,  bor,  b(u)r. 

ful,  ful,  ful,  fulyful,  fulyfui, 

^     u/,  b{u)l.  bol,  bo{i),  bol. 

bor,  bor,  bor,  bor{i),  bori^k), 

5    for,  for,  fo{r),  fur.  for,  fo,  o{k). 

/-     bol,  bol,  b,  o,  bol,  bo,  bo,  lo,  o, 

ful,  ful,  {f)ul.  bo,  fol. 

fur,  fur,  fur,  fur,  bur^  bur,  bur,  bur,   (b)ur, 

'      ur.  hor,  hor,  ho,  ur. 

j>     bul,  bul,   (b)ul,  ul,  bul,  but,   {b)ul,  ul, 

^     {f)ul.  bol,  bol. 

n    A»  A»  A»  bor(^),  bor{k),  bor. 

,o  J^^AA'*)*  bol, 

br,  br,  br,  bor,  bor. 


II  ^'(^)' 

"     bly  /, 

b 
b. 

or/, 

bol^k). 

bol. 

12    fl. 

Table  XVII. 

A 

B 

C 

D 

Expected 
localization. 

Usual 
localization 

Occasional 
localization. 

Rare 

localization. 

I 

for 

for 

bor,  bur 

2 

fol 

fol 

bol 

3 

fur 

fur 

bur^  bor 

4 

f,.i 

ful 

bul,  bol 

5 

bor 

bor 

for 

6 

bol 

bol 

ful 

7 

bur 

bur 

fur 

8 

bul 

bul 

bol 

9 

fr 

fr 

lo 

fl 

fl 

for^  bor 

II 

br 

br 

bol 

12 

bl 

bl 

fl 

bor 

column  A  show  the  directions  in  which  the  perceived  sounds  are  theoret- 
ically expected  to  be  localized ;  the  symbols  in  column  B  the  direc- 
tions in  which  most  of  the  perceived  sounds  were  actually  localized,  and 
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the  symbols  in  columns  C  and  D  the  directions  in  which  the  perceived 
sounds  were  sometimes  localized.  The  striking  correspondence  between 
A  and  B  proves  the  correctness  of  our  view.  It  is  also  very  interesting 
to  note  that  the  perceived  sounds  were  sometimes  located  in  the  direc- 
tions in  column  C  instead  of  the  directions  in  column  B.  There  is  a 
reasonable  justification  for  such  localizations.  When  we  are  stimulated 
by  a  sound  from  the  median  plane  the  intensities  of  the  sounds  heard  by 
the  two  ears  are  equal  whether  the  sound  is  situated  in  front  or  in  back. 
Subjective  discrimination  between  front  and  back  is,  as  we  will  see 
later,  based  chiefly  upon  the  difference  in  absolute  intensity,  for  the 
sound  coming  from  the  front  is  heard  more  strongly  than  the  same  sound 
from  the  back.  So  if  the  sound  from  the  front  in  the  median  plane  be 
weakened  during  the  experiment  by  fluctuation  of  the  electric  current, 
while  the  ears  are  stimulated  at  the  same  time  by  the  sound  in  the  frontal 
plane,  it  will  be  quite  possible  that  the  relation  of  intensities  will  be  like 
the  relation  of  intensities  with  which  the  observer  hears  the  sounds  from 
the  frontal  plane  and  from  the  back  part  of  the  median  plane.  In  such 
a  case  the  observer  may  locate  the  sound  to  the  rear  instead  of  loca- 
ting it  to  the  front.  This  appears  to  be  the  reason  why  in  the  above  ex- 
periments the  perceived  sounds  were  sometimes  located  at  bor  or  bol 
instead  oi  for  or  fol\  at  bur  or  bul  instead  oi  fur  ox  fui.  For  the 
similar  reasons  the  perceived  sounds  were  located  at  ful  or  fur  instead 
of  bul  or  bur]  and  ^Xfl  instead  of  bi.  These  results  agree  with  the  con- 
fusion between  front  and  back  which  we  have  frequently  observed  in  our 
previous  experiments. 

Besides  the  confusion  between  front  and  back  we  find  here  another 
kind  of  confusion  ;  above  and  below  are  sometimes  confused  with  each 
other.  In  the  above  experiments  the  observer  located  the  sound  at  fur 
when  for  was  expected ;  at  bor  or  bol  when  bur  or  bul  was  expected. 
This  kind  of  confusion  can  be  explained  by  the  function  of  the  pinnae. 
It  is  found  that  on  account  of  the  peculiar  shape  of  the  pinnae  a  sound 
coming  from  ro  or  lo  is  perceived  by  the  two  ears  with  almost  the  same 
relative  difference  of  intensity  as  a  sound  coming  from  ru  or  lu  and  a 
sound  coming  from  fu  is  perceived  with  almost  the  same  intensity  as  a 
sound  coming  from  fo.  So  when  we  are  stimulated  simultaneously  by 
sounds  coming  from  fo  and  ro  it  is  quite  possible  that  the  relation  be- 
tween the  intensities  of  the  sounds  in  the  two  ears  will  be  like  the  relation 
between  the  intensities  with  which  the  sounds  coming  irovafu  and  ru  arfe 
heard  by  the  two  ears.  In  such  a  case  the  perceived  sound  may  be 
located  dXfur  instead  oi  for.  Moreover,  the  fluctuation  in  the  electrical 
current  will  have  some  effect  in  producing  the  confusion.     Such  being  the 
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fact,  we  have  reasonable  justification,  under  the  above  conditions,  for 
occasionally  localizing  the  perceived  sounds  in  the  directions  in  column  C 

As  for  the  localizations  of  the  sounds  in  the  directions  in  column  £>y 
they  occurred  very  rarely  and  could  be  ascribed  both  to  the  inaccuracy 
of  the  experiment  and  inattention  of  the  observer. 

(^)  The  localization  of  the  perceived  sound  at  the  middle  point  between 
the  sources  of  the  two  component  sounds  is  not  restricted  to  the  case  in 
which  the  components  sounds  are  put  in  the  primary  planes  and  at  the  same 
level.  In  the  following  experiments  I  placed  two  com|)onent  sounds  at 
different  levels  and  one  of  them  in  a  secondary  plane,  namely,  one  tele* 
phone  was  placed  at  the  terminus  of  a  secondary  axis  in  the  horizontal 
plane  and  the  other  telephone  was  placed  at  the  terminus  of  a  secondary 
axis  in  the  frontal  or  median  plane.  The  objective  positions  of  the  tele- 
phones were,  therefore,  as  indicated  in  Table  XVIII. 


Table  XVIII. 

Number  of 

Positions  of  the 

Number  of 

Positions  of  the 

posidon. 

two  telephones. 

position. 

two  telephones. 

I 

fr  and  ru 

9 

fr  and  ro 

2 

r      "  fu 

10 

fr    *•   fo 

3 

fl     ''    fu 

II 

fl    **    lo 

4 

fl     -   fu 

12 

fl     -   fo 

5 

br    **    ru 

13 

br    **    ro 

6 

br    "    bu 

14 

br    **    bo 

7 

bl    ♦«    lu 

15 

bl    <'    lo 

8 

bl    '«    bu 

i6 

bl    **    bo 

The  experiments  were  made  upon  T. 
:given  in  Table  XIX. 


N.   and  the  results  were  as 


Localization. 

A»  A  A»  At  /'•»  fr- 

2  fr{u\bur{^k\ 
fry  A»  A»  fry  fr- 

3  fl\u\fl, 

fl{u\  fl{u),  fl{u), 

A  A/' 

br{u),ru(bhru{b), 
5     br,  br,  r{b). 

f.     bur,  bur,  (b)ur,  b{'U)r, 
°     br{/k),  br. 

^     bul,  bu/,  bul,  b(ti)l, 

'   bl. 

r>     buf,  hul,  bul,  buly 
^     bul{k),  b(l). 


Table  XIX. 

9 
o 


3 

4 

5 
6 


Localization. 

f{o)r,  f(o)r,  f[o)r, 

A,  A,  A  A 

fo(r),  fo{r),  f{or), 
f{r)Jr. 

f{u)l.f{u)f.  l{u), 

A  Jh  /. 

f{u)hfl{k),    {f)l,   0{k), 

AA 

(b)ttr,  (b)iir,  {b)ur,f[u)r, 
bur,  br,  br. 

b{u)r,  bu{k),  b{uk),  k{k), 
b,  b  ox  f 

{b)ul,  [f)ul,  lu,  lu, 

I. 

b{u)k,  bu,  b{k), 
fJ{k),b{k)J>[l:). 
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As  the  two  telephones  were  situated  at  different  levels,  the  localization  of 
the  perceived  sound  at  the  middle  point  between  the  sources  of  the  two 
objective  sounds  was  not  so  clear  as  in  the  preceding  experiments.  Still 
the  results  were  in  conformity  with  the  preceding  results,  for  the  per- 
ceived sound  was  localized  or  tended  to  be  localized  at  the  middle  point. 

I  have  already  mentioned  that  a  sound  coming  from  rOy  lo^  fo  or  bo 
is  perceived  by  the  two  ears  with  almost  the  same  intensity  as  a  sound 
■coming  from  ru^luyfu  or  bu  respectively.  This  is  the  reason  why  the 
perceived  sound  was  sometimes  located  under  the  above  conditions  at  a 
point  on  the  same  side  at  90®  away  from  the  middle  point  between  the 
f^ources  of  the  two  component  sounds,  i.  e.,  at  the  corresponding  point 
in  back  instead  of  front,  above  instead  of  below  and  vice  versa. 

(c)  In  the  preceding  two  groups  of  experiments  the  two  objective 
sources  of  sounds  were  kept  unmoved  during  the  experiment.  If  the  per- 
ceived sound  is  located  under  such  a  statical  condition  at  the  middle  point 
between  the  two  objective  sounds  it  may  also  be  expected  that  if  the 
two  sounds  are  moved  continuously  during  the  experiment  the  per- 
ceived sound  will  move,  too,  in  the  direction  resultant  to  the  two  direc- 
tions along  which  the  two  sounds  are  moved. 

Table  XX. 

Directions  in  which  the  two  Directloos  in  which  the  two 

telephones  were  moved.  telephones  were  moved. 


jiy*}  n  /rY"- 


f 


5 
6 


fo 


8  br  \  ""^  20 


fl 


10 


br  \  '" 


bi  \  7 
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This  was  the  subject  of  the  next  experiments.  As  is  show  in  Table 
XX  the  two  telephones  were  started  from  one  and  the  same  point  of 
the  horizontal  circle,  and  then  one  telephone  was  moved  along  the  hori- 
zontal circle  while  the  other  was  moved  along  one  of  the  two  vertical 
circles  downward  or  upward.  For  example,  the  telephones  were  started 
aty7  and  one  was  moved  toward yi//  while  the  other  was  moved  toward  y. 
The  experiments  were  made  upon  T.  N. 

Table  XXI  gives  the  results  of  the  experiments.  The  expressions  in- 
dicate the  directions  in  which  the  sound  appeared  to  move ;  for  example, 
fl-fu  indicates  that  the  sound  appeared  to  move  fromy?  Xofu, 


Table  XXI. 


Direction  in  which  the  perceived 
sound  moved. 

^    fl-ful,fl-fuL 

^  A/. 

bi-bu,  bl-bu^  bl-hu^  bl-bu, 
3    bl-^. 

^     bl-/u,  bl-iu,  bl'l, 
^    bi^i,  bi^. 

/^~fi**'i  f'"-/'*^*  f^-fi*'"' 

5    fr-ruy  fr^ru,  fr--ru, 
fr-rUy  fr—m, 

br-bu,  br-bu,  br-bUy 
'     br-buy  br-bu. 

«     br-niy  br-rtiy  br-rtty 
br-'KUy  br-r. 

Q   /-A^> /-Mf /-A^* 

f-fulyMulyf-ftdy 

b{u)-bury  b-bnKy  b-btiKy 
bu-br,  b-br. 

/f-bii/f  b-bti/y 
l,u-b/y  b-bl. 


lo 


II 


12 


Direction  in  which  the  perceived 
sound  moved. 


.    fr-fo,fr-fUy 

^    fr-f.fr-f.fr-fyfr-for. 

fr-rOyfr-rOyfr^r{u)y 
fr-^^fr-ryfr-r{k), 

br-buy 
5     br~-by  br-b{k)y  br-b{l')y  br-6{Jt)^ 

r     br-ruy  br-u  or  br-ry 
br-Ky  br-ry  br-r.       • 

7    f-fi*ry  f-fury  f-fury 

f-Af-fl.o-Kk)yO-fo{k). 

b-bury  b-bury  bo-bury  bo-bur^ 
9     bo-b. 


20 


21 


22 


23 


24 


b-buly  b-buly 

b-b{u)ly     b-b{u)i. 

f-fUyfl-lOyjl-lOyJl-lO, 
fl-lOy     fl-l0{k)yf-fUy 

M-ho^  bl-buy  bl-buy 
bl-b. 

bl-!uy  bl-lu,  bl-lu, 

bl-ly       bl-ly       bl-l. 


When  one  of  the  two  telephones  was  moved  along  the  horizontal  circle 
and  the  other  was  moved  downward  (i.e.,  cases  i  to  1 2  )  the  sound  appeared 
to  move  in  a  direction  resultant  to  those  directions  along  which  the  two 
telephones  were  moved.  The  results  can  be  explained  by  the  relative  and 
absolute  differences  in  the  intensities  of  the  sounds  in  two  the  ears.  If 
one  telephone  moving  fromy7,/r,  bl  ox  br  to  fox  <^  as  in  i,  3,  5,  7  were 
to  act  alone  the  relative  difference  in  the  intensities  of  the  sounds  in  the 
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two  ears  would  decrease  gradually,  and  consequently  the  sound  would  be 
perceived  to  move  from  the  secondary  vertical  plane  towards  the  sagittal 
plane.  On  the  other  hand,  if  the  other  telephone  moving  downward 
were  to  act  alone,  not  only  the  absolute  intensity  of  the  sound,  but  also 
the  relative  difference  between  the  intensities  of  the  sounds  in  the  two 
ears  would  grow  less  and  less,  and  consequently  the  sound  would  be  per- 
ceived to  move  downward  along  the  secondary  vertical  circle.  Then,  if 
these  two  sounds  were  to  act  at  the  same  time,  the  relation  of  the  inten- 
sities of  the  sounds  in  the  two  ears  would  be  like  the  relation  of  intensi- 
ties with  which  a  sound  moving  in  the  resultant  direction  would  be  heard 
by  the  two  ears.  Therefore  the  sound  appeared  in  i,  3,  5,  7  to  move 
in  the  resultant  direction.  In  2,  4,  6,  8,  9,  10,  11  and  12  the  rela- 
tive difference  increased  gradually,  for  one  sound  was  moved  along  the 
horizontal  circle  more  towards  the  auditory  axis,  while  the  other  sound 
was  moved  downward.  Accordingly  the  sound  appeared  to  travel  more 
towards  the  side  and  at  the  same  time  more  downward,  i.  e.,  along  the 
direction  resultant  to  those  directions  along  which  the  two  sounds  were 
moved. 

In  the  cases  13  to  26  one  telephone  was  moved  along  the  horizontal 
circle  and  the  other  was  moved  upward.  In  these  cases  it  would  be  ex- 
pected that  the  perceived  sound  would  travel  as 
before  along  the  resultant  direction.  The  re- 
sults were  quite  perplexing,  for  though  the 
sounds  were  sometimes  perceived  to  travel  along 
the  resultant  direction  most  of  them  were  per- 
ceived, as  shown  in  the  Figure  17,  to  move 
downward  along  the  direction  nearly  vertical 
to  the  resultant  direction.  In  the  figure  01 
and  on  are  the  directions  along  which  the  two 
tele]jhones  were  moved  ;  OA  is  the  direction  y\c,.  17. 

nearly  resultant  to  the  above  two  directions  ; 

OB  is  the  direction  along  which  the  perceived  sound  sometimes  appeared 
to  move. 

The  explanation  is  not  hard  to  find  when  we  consider  the  fact  that  both 
the  absolute  intensity  and  the  difference  in  the  relative  intensities  become 
less  and  less  when  a  sound  is  moved  along  the  vertical  circle  upward. 
This  decrease  in  intensity  can  be  interpreted  as  the  effect  of  the  motion 
of  the  sound  either  upward  or  downward.  •  If  the  former  interpretation 
be  taken  the  sound  will  be  judged  to  move  along  the  resultant  direction, 
while  if  the  latter  be  taken  the  sound  will  be  judged  to  move  along 
the  direction    nearly  vertical   to  the  resultant.      Accordingly,  the  ob- 
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server  may  perceive  the  sound  to  move  sometimes  in  one  direction  and 
sometimes  in  the  other.  But  we  must  note  here  that  the  confusion  is  not 
restricted  to  the  case  in  which  the  sound  moving  upward  is  taken  for  a 
sound  moving  downward,  for  sometimes  the  opposite  happened  as  in  i 
and  2,  though  not  frequently.  We  must  conclude  that  the  upward  and 
downward  directions,  under  the  condition  of  our  experiments,  are  liable 
to  be  confounded  with  each  other,  owing  to  the  similarity  of  the  relation 
in  the  stimulation  of  the  two  ears. 

The  results  of  the  experiments  in  this  section  tend  to  show  that :  ( i ) 
two  component  sounds  of  equal  intensity  at  the  same  or  different  levels 
will  give  in  combination  a  localization  at  the  middle  point  between  the 
two  points  at  which  the  components  are  placed ;  ( 2 )  two  component 
sounds  of  equal  intensity  which  start  at  one  and  the  same  point  and 
move  simultaneously  in  different  directions  will  give  in  combination  a 
localization  in  the  direction  nearly  resultant  to  the  two  directions  along 
which  the  components  are  moved;  (3)  an  occasional  localization,  under 
the  above  conditions,  at  the  corresponding  point  in  back  instead  of 
front,  above  instead  of  below  and  vice  versa,  arises  from  the  confusion  be- 
tween front  and  back,  above  and  below.  All  these  localizations  can  be 
explained  by  the  principle  of  relative  and  absolute  intensities. 

IV.  Confusion  be-hveen  front  and  tack. 

When  a  source  of  sound  is  situated  in  the  median  plane  the  intensity  of 
the  sound  heard  by  one  ear  is  equal  to  that  of  the  sound  heard  by  the 
other  ear.  if  the  sensitiveness  is  the  same  for  both  ears ;  this  is  tnie 
whether  the  objective  sound  is  situated  to  the  front  or  to  the  rear.  This 
is  the  cause  of  the  confusion  between  front  and  back. 

Ambiguity  of  the  judgment  as  to  whether  a  sound  which  is  not  in  the 
median  plane  is  to  be  localized  in  front  or  in  back  can  be  explained  in  a 
similar  way.  To  one  side  of  the  observer  and  probably  nearly  in  the 
auditory  line  there  must  be,  as  was  noticed  by  Ravleigh,*  one  direction  in 
which  the  ratio  of  the  intensity  of  a  sound  as  heard  by  one  ear  to  the  in- 
tensity of  a  sound  as  heard  by  the  other  ear  has  a  maximum  \alue  which  is 
greater  than  unity.  For  sounds  situated  in  directions  in  front  of  this  the 
ratio  of  the  intensities  has  a  less  and  less  value,  approaching  unity  as  its 
limit  when  the  sound  is  immediatelv  in  front.  In  like  manner,  for  di- 
rections  intermediate  between  the  direction  of  maximum  ratio  and  that 
immediately  behind  the  observer,  the  ratio  of  intensities  varies  continu- 
ously between  the  same  maximum  value  and  unity.     Accordingly,  for 
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every  direction  in  front  there  must  be  a  corresponding  direction  behind 
for  which  the  ratio  of  intensities  has  the  same  value ;  and  these  two  di- 
rections are  liable  to  be  confounded  with  each  other.  The  only  direc- 
tions as  to  which  there  is  no  ambiguity  are  the  directions  of  maximum 
ratio  itself,  namely,  right  and  left. 

This  view  has  been  partly  substantiated  by  the  results  of  the  foregoing 
experiments,  but  to  make  matter  clearer  I  submitted  it  to  the  test  of 
special  experiments. 

Two  telephones  were  placed  at/r  45°  and  br  45°  on  the  same  side  of 
the  observer  at  a  distance  of  60'"".  A  short  sound  was  to  be  given  by  one 
of  them  and  the  observer  (Mr.  K.  Miura),  a  student  of  law,  was  to 
localize  the  sound.  The  intensity  of  the  sound  could  be  changed,  as  be- 
fore, by  means  of  the  sliding  inductorium.  When  the  sound  was  of 
moderate  intensity  the  observer  could  generally  distinguish  whether  it 
came  from  the  front  or  the  back.  But  when  the  sound  from  the  front  be- 
came very  weak  he  was  liable  to  perceive  it  in  the  back,  and  projected  it 
backward  more  towards  the  median  plane  when  it  grew  weaker.  Even 
when  the  sound  from  the  front  was  of  considerable  strength  he  was 
sometimes  liable  to  project  it  in  the  back.  As  for  the  sounds  coming 
from  the  back,  they  were  mostly  projected  in  that  direction. 

A  similar  kind  of  experiment  was  made  by  using  a  watch  instead  of  a 
telephone.  The  observer  was  seated,  with  his  eyes  closed,  in  the  middle 
of  a  large  room  on  a  still  evening.  A  watch  was  held  dX  fr  45°  or  br 
45°  at  a  certain  distance,  and  the  observer  was  to  tell  the  direction  of 
the  sound.  In  this  case  the  result  was  the  reverse  of  that  for  the  tele- 
phone experiment.  For  here  we  found  that  the  sound  coming  from  the 
front  was  never  localized  in  the  back,  while  the  sound  coming  from  the 
back  was  frequently  liable  to  be  localized  in  the  front,  especially  when 
it  was  more  distant.  In  respect  to  the  latter  point  there  were  some  in- 
dividual differences.  One  person  projected  almost  all  the  ticks  of  the 
watch  in  front.  Another  person  projected  the  ticks  in  the  back  when 
the  watch  was  held  at  the  distance  of  50*"",  while  he  projected  them  in 
front  (juadrant  when  the  watch  was  held  at  the  distance  of  100''".  The 
general  results  of  these  experiments  were,  therefore,  that  when  the  sound 
coming  from  the  back  was  situated  near  the  ear,  and  was  consequently 
stronger,  the  relative  difference  between  the  intensities  of  sensations  in 
the  two  ears  being  also  greater,  it  was  generally  localized  in  the  back  ; 
whereas  it  tended  to  be  localized  in  front  when  the  sound  was  more 
<listant  and  was  consequently  weaker,  the  relative  difference  between  the 
intensities  being  also  smaller.  In  the  latter  case  the  perceived  sound 
tended  to  be  localized  more  towards  the  median  plane  in  front  when  the 
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objective  point  of  sound  was  more  distant  and  consequently  the  relative 
difference  between  the  intensities  of  the  sensations  in  the  two  ears  was 
smaller,  and  it  tended  to  be  localized  more  towards  the  side  when  the 
objective  point  of  sound  was  less  distant  and  consequently  the  relative 
difference  was  greater. 

Rayleigh  conducted  an  experiment  of  similar  kind  by  using  twa 
256  v.  d.  forks  and  resonators,  the  observer  being  placed  between 
them.  At  a  given  signal  both  forks  were  struck,  but  only  one  of  them 
was  held  over  its  resonator.  The  observer  was  required  to  keep  his 
head  perfectly  still,  a  very  slight  motion  being  sufficient  in  many  cases 
to  give  the  information  that  was  previously  wanting.  In  these  experi- 
ments the  observer  facing  north  made  mistakes  between  forks  bearing  ap- 
proximately north-east  and  south-east,  though  he  could  distinguish 
without  a  moment's  hesitation  forks  bearing  east  and  west. 

In  connection  with  the  above  I  may  mention  another  kind  of  experi- 
ment which  I  conducted.     From  the  fact  that  the  perceived  sounds  were 
located  in  the  median  plane  when  two  sounds  were  placed  at  symmetrical 
points  on  two  sides,  one  on  each  side,  I  thought  it  possible  that  the  same 
results  would  be  obtained  if  two  sounds  were  placed  at  diagonal  points 
of  the  horizontal  circle,  for  the  relation  of  intensities  of  sounds  received 
in  the  two  ears  might  be  equal  in  the  latter  case  to  the  relation  of  the  in- 
tensities of  sounds  received  in  the  two  ears  in  the  former  case.      So  I 
placed  two  telephones  in  the  horizontal  plane  in  six  combinations  such 
as:    (1)  r22.5°  and  /i57.5°;   (2)  /•45°  and  /i35°  ;  (3)  r67.5°  and 
/ii2.5^    (4)   rii2.5°    and    /67.5°  ;     (5)    ^135°    and    /45°;     (6) 
r  157.5°  and  /22.5°.     I  found  that  under  these  conditions  the  localiza- 
tion of  the  perceived  sound  in  the  median  plane  was  not  so  striking  as 
was  the  case  when  the  two  sounds  were  placed  at  symmetrical  points  on 
the  two  sides  of  the  median  plane,  one  on  each  side,  for  though  the  ob- 
server located  the  j^erceived  sounds  at  b  or  nearly  at  ^  for  (2),  (4)  and 
(5)  and  at /or  nearly  at /and  sometimes  at  b  for  (6),  yet  he  located  the 
sounds  for  (i)  and  (3)  outside  of  the  median  plane.     The  results  ran  as 
follows:    in  case  (i)  the  localizations  were  d  ox  for,  within  the  head 
(^bor),  within  the  head  {for),  within  the  head  (r)  ;  in  case  (2)  they 
were  within  the  head  (/^),  within  the  head  (/'),  within  the  head  (/^), 
by  or  r\  in  case  (3)  they  were  b  or  r,  fo,  r,  fr  65°,  f^(>S^y  ^;   in  case 
(4)  they  were  b,  b,  b,  b,  b  (//)  ;  in  case  (5)  they  were  b,  b,  within  the 
head  (^),  b  (/),  within  the  head  (r),  fl,  fl  \  in  case  (6)  they  were  /',  /,  / 
orl>,/{l),/U),/{/). 

On  account  of  the  comparative  irregularity  of  these  results  I  was  doubt- 
ful whether  the  intensities  of  the  sounds  heard  by  the  two  ears  under  these 
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conditions  were  equal  as  I  had  at  first  thought.  At  any  rate  it  was  evi- 
dent from  these  results  that  there  was  a  possibility  of  finding  two  points  in 
diagonal  quadrants  (i.  e.,  quadrants  at  opposite  ends  of  the  same  axis), 
one  in  each  quadrant,  which  in  combination  will  give  a  localization  in 
the  median  plane.  I  learned  afterwards  that  this  possibility  had  been 
realized  in  the  experiments  conducted  by  MCnsterberg  and  Pierce* 
from  which  we  can  also  conclude  that  the  intensities  of  sounds  heard  in 
the  two  ears  under  the  above  conditions  could  not  be  regarded  as  exactly 
ecjual.  From  their  experiments  we  learn  that  for  any  given  point  in  either 
of  the  two  quadrants  upon  one  side  of  the  median  plane  a  point  can  be 
found  in  each  of  the  two  quadrants  on  the  opposite  side  which  in  combi- 
nation with  the  first  will  give  a  localization  in  the  median  plane  at  o*^ 
or  180°.  For  example,  a  sound  at  r  45°  will  give  0°  or  180°  not  only 
with  its  symmetrical  /45°,  but  also  with  a  sound  in  the  left  back  quad- 
rant. Thus,  for  one  of  their  observers  B.  r  45°  gave  o*^  with  /  105°,  for 
another  observer  M.  with  /  115°,  for  W.  with  /  130°,  for  P.  with  /  140°, 
for  N.  r  45°  gave  0°  with  745°,  but  180''  with  / 130^,  and  for  R.  with 

MCnsterberg  and  Pierce  regarded  this  as  a  special  case  of  the  more 
general  principle  :  that  for  any  given  point  in  either  of  the  two  quadrants 
upon  one  side  of  the  median  plane  a  point  can  be  found  in  each  of  the 
two  cjuadrants  on  the  opposite  side  which  in  combination  with  the  first 
will  give  the  same  subjective  localization.  Thus  their  observer  B.  located 
rio°  +  /i  10°  and  rio°  4-/70°  at  /2o°;  r5o°  -f-/io°  and  r5o°  +  / 
130°  at  r2o°;  r  100°  +  750°  and  /•loo -f- /i5o°  at  125°;  ri2o° -f- 
740°  and  ri2o°  +  /ioo°  at  /'4o°.  The  results  were  similar  with  other 
combinations.  Again,  according  to  them,  very  similar  to  this  principle 
is  the  fact  that  different  individuals  at  different  times  locate  a  given 
combination  in  two  different  quadrants.  Thus  B.  locates  o°-f-/iio° 
at /6o°  and  again  at/i3o°;  r3o°  +  /iio°  at  l\o^  and  /i6o°,  etc. 
A\'e  may  give  the  following  as  an  illustration  of  the  individual  differences  : 
sounds  at  0°  +  r  135°  by  B.  r  25°,  by  M.  r  65°,  by  P.  r  160°;  sounds 
at  0°  -f  r  160°  by  B.  riyo®,  by  M.  r  75°,  by  P.  rio°.  The  basis  of 
these  differences  lies,  they  say,  in  the  fact  that  not  only  0°  and  180°, 
but  also  other  points  before  and  behind,  are  confused  when  they  are 
sounding  in  a  combination.  In  the  example  0°  -f-  r  135°,  for  instance, 
the  judgment  r  65°  represents  the  middle  ;  r  25°  represents  the  middle, 
if  r  135°  is  confused  with  the  corresponding  sound  from  the  front  at  45°; 
and  /'  160°  represents  the  middle,  if  0°  is  confused  with  180°.     Just  so 

'  MCnsterberg  and  Pierce,  The  localization  ofsoundj  Psychol.  Rev.,  1894  I  461. 
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with  o°  +  ri6o°,   riyo®   results  if  o°  stands  for  i8o°  ;  and  rio°  ifr 
20°  stands  for  r  160°. 

All  the  foregoing  results  show  that  for  a  point  given  in  the  front  quad- 
rant a  corresponding  point  can  be  found  in  the  back  quadrant  on  the 
same  side  of  the  median  plane,  which  is  liable  to  be  confused  with  the 
first ;  and  that  the  ambiguity  or  uncertainty  of  the  judgment  as  to  front 
and  back  is  based  upon  the  similarity  which  exists  between  the  relation 
of  stimulation  of  the  ears  by  a  sound  in  one  quadrant  and  the  relation  of 
stimulation  of  the  ears  by  the  same  sound  in  the  other  quadrant. 

The  discrimination  between  front  and  back  seems  to  be  based  upon 
the  absolute  intensity,  pitch  and  duration  of  the  sound,  to  which  the 
tactual  sensations  of  the  pinnae  and  head  may  give  some  help,  though 
the  latter  can  not  be  made  clear  by  experiment.  The  dependence  of  the 
discrimination  upon  the  former  was  investigated  by  Bloch,*  as  fer  as  the 
discrimination  between/ and  b  is  concerned.  VVe  can  accept  his  results 
without  further  discussion,  though  they  may  not  be  applied  to  the  dis^ 
crimination  bet\\'een  front  and  back  in  general.     They  are  as  follows. 

Bloch  gave  sounds  at /and  b  respectively  and  made  his  observer  judge 
from  which  of  these  two  directions  the  sounds  came.     The  results  show 
that  the  correctness  of  judgment  depends  upon  the  pitch,  intensity,  dura- 
tion and  distance  of  the  sound.     When  he  used  a  tuning  fork  of  220 
V.  d.  it  seemed  clear  in  general  that  a  loud  and  long  sound  at  the  dis- 
tance of  1"  was  correctly  judged  as  well  in  front  as  in  back.     A  weak  and 
short  sound  was  not  always  localized  correctly.  A  sound  of  greater  inten- 
sity and  duration — i.  e.,a  sound  of  stronger  acoustic  excitation — made 
the  perception  of  the  direction  in  the  median  plane  easier.    AVhen  Bloch 
made  similar  experiments  with  a  pipe  having  a  ])itch  of  d^,  (1188  v.  d.) 
the  sound  at  a  greater  distance  was  localized  better.     When  the  distance 
of  the  sound  increased  the  sound  at  the  back  appeared  considerably  weak- 
ened and  the  discrimination  between  front  and  back  became  easier.      In 
the  median  plane  a  higher  tone  was  localized  better  than  a  lower  one. 
Again  when  the  click  of  a  snapper  sounder   was  given  at  a  distance  of 
2.4"  a  weaker  tone  tended  to  be  located  more  in  back  and  a  stronger 
tone  more  in  front.     With  the  increase  of  the  intensity  of  tone  the  num- 
ber of  the /judgments  increased  and  the  number  of  the  b  judgments  de- 
creased, or  with  the  decrease  of  the  intensity  of  tone  the  number  of  the 
/judgments  decreased  and  the  number  of  the   b  judgments  increased. 
We  learn  by  experience,  says  Bloch,  that  a  certain  sound  is  perceived 
with  less  intensity  when  it  comes   from  the  back  than  when  it  comes 
from  the  front.     Accordingly   when  the   direction    of  the  sound  is  not 


>  Bloch,  Das  binauraU  Horen,  Zt.  fUr  Ohrenheilk.,  1893  XXIV  25. 
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clear  we  tend  to  locate  a  stronger  sound  in  front  and  a  weaker  one  in 
back. 

In  connection  with  the  experiments  on  the  confusion  between  front 
and  back  other  experiments  of  somewhat  similar  kind  may  be  men- 
tioned. We  have  already  seen  that  the  value  of  the  relative  difference 
between  the  intensities  with  which  a  sound  is  heard  by  the  two  ears 
varies  according  to  the  direction  of  the  sound.  But  the  direction 
of  the  sound  seems  not  to  be  the  only  condition  upon  which  the  change 
in  the  relative  difference  depends,  for  this  difference  seems  also  to  de- 
pend upon  the  absolute  intensity  of  the  sound.  In  other  words,  this  value 
seems  to  change,  other  things  being  equal,  when  the  intensity  of  the  sound 
changes.  It  has  been  a  well-known  fact  since  Fechner's  *  experiments  that 
when  two  unison  forks  are  held  before  the  two  ears  respectively  and 
one  of  them  is  more  strongly  sounded  than  the  other,  the  single  resulting 
sound  appears  to  the  subject  to  be  heard  entirely  by  the  ear  on  the  side 
of  the  stronger  component.  The  ear  which  receives  the  weaker  sound  is 
said  to  become  more  or  less  ** physiologically  deaf.**  It  seems  to  me 
that  this  **  physiological  deafness**  of  one  ear  becomes  relatively 
greater  when  the  sound  received  in  the  other  ear  grows  stronger,  and 
thereby  the  perceived  souhd  tends  to  be  projected  much  more  towards 
the  side  on  which  the  source  of  stronger  sound  is  situated  than  when  a 
sound  of  weaker  intensity  is  used.  The  following  experiments  were 
designed  to  make  this  point  clearer. 


I>istance  of  the  second- 
ary coil  for  the  back 
telephone. 

IQcra 

9 
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Table  XXII. 
Judgment  of  direction. 

fr  8o« 
fr  8o 

A  85 

r  90 

r  90 
br  82.5 
br  80 
br  80 
br  80 
br  80 
br  80 


Judgment  of  distance. 


8.5  •""> 

(25CD 

9 

(27) 

8.5 

(25) 

8.5 

(25) 

8-3 

(25) 

7 

(21) 

6.5 

(19) 

S-3 

(16) 

5 

('5) 

4-3 

(13) 

4 

(12) 

The    number  of  experiments   on   each 
point  is  4.     The  probable  error  for  direc- 


tion varies  from   o   to  ±  i  y^^%  and  that 
for  distance  from  o  to  3  ^y%. 


•  Fechner,    Ueber  einige   Verkdltnisse  des  binocularen   Sekens^  AbhI.  d.  k.-sichs. 
Ges.  d.  Wiss.,  math.-phys.  G.,  i860  VII  339. 
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Two  telephones  were  situated  on  the  right  side  of  the  ob8er\'cr.  One  at 
60^  to  the  front  and  the  other  at  60'  to  the  rear.  The  wires  for  the  lat- 
ter were  connected  with  the  secondare*  coil  and  the  wires  for  the  former 
with  the  primar)'  coil  of  the  sliding  inductorium.  In  each  experixnent 
the  intensity  of  the  sound  in  front  i^-as  kept  constant,  while  that  of  the 
sound  to  the  rear  was  varied.  The  subject  of  the  experiments  was  C. 
W.      Table  XXII  gives  the  results. 

Figure  iS  shows  the  results  graphical i v.  The 
]jerceived  sound  was  gradually  placed  more  to- 
wards the  back  as  the  sound  to  the  rear  grew 
stronger  and  conse<iuently  the  relative  difference 
_,  became  greater.  The  gradual  change  of  the  an- 
gular magnitude  of  the  localized  position  of  the 
perceived  sound  corresponding  to  the  gradual 
change  in  the  inteasity  of  the  sound  to  the  rear  is 
p  J,,    ^^  shown  in  Table  XXII.     An  interesting  point  is  that 

when  the  sound  to  the  rear  reached  its  maximum 
intensity — and  conse«iuently  according  to  our  view  the  relative  difference 
between  the  intensities  of  the  sensations  in  the  two  ears  became  g^reat- 
est — the  perceived  sound  was  located  at  hr  80°.  Experimentally  it 
seems  to  be  the  fact  that  when  the  relative  difference  is  greatest  the  per- 
ceived sound  is  in  general  located  somewhat  to  the  rear  of  the  visual 
right  ancl  left  line. 

Similar  results  were  obtained  when  the  experiment  wa.s  conducted  by 
placing  telephones  on  the  right  side  of  the  observer  at  30^  both  in  front 
and  to  the  rear.     Table  XXI II  gives  the  average  results. 

Tahlk  XXIII. 

iJistanrc    of    the    '•econ- 
<iary  roil  iox  the  hack  Jufl^'meni  of  direction.  Judj^ment  of  distance, 

telephone. 

icy='"  A  45^  'o'""     (so*""') 

8  A  57.5  9-5  '2-^' 

7  A^>5  9-3  '-'^^i 

6  y>'^^7-5  9-5  '-<'^' 

5  /r66.7,  //;- 70or//- 70                  7.7  123,10     (30) 

4  I'r-JO./r-JS  71  (21),     7-5(22) 

3  A  73.  ^'-70  6  (iS,,    5     (15) 

2  br-J2.S  5  'I51 

I  br^o  4.5  I  13) 

The  number  of  experiments  on   each      lion  varies  from  o  to  :^  5  j^^  ^t  and  that  for 
point  is  4.     The  probable  error  for  direc-      distance  from  o  to  :^  ^''^c- 
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Figure  19  shows  the  results  graphically.  As  the  sound  heard  by 
the  right  ear  grew  stronger  the  perceived  sound  was  located  more  towards 
the  side.  But  as  the  value  of  the  relative  difference  between  the  intensi- 
ties of  the  sensations  perceived  by  the  two  ears 
was  smaller  in  this  case  than  in  the  last  experi- 
ment, the  perceived  sound  was  never  /ocated  so 
near  to  the  auditory  axis. 

V.   Perception  of  distance.  — 

The  dependence  of  the  perception  of  the  dis- 
tance of  a  sound  upon  its  intensity  has  already 
been  observed  in  foregoing  experiments,  though 
attention  has  been  paid  chiefly  to  the  perception 
of  the  direction.  In  this  section  particular  con- 
sideration will  be  given  to  the  perception  of  distance  with  a  view  to 
determining  under  various  conditions  the  relation  between  the  intensity 
and  distance  of  a  perceived  sound. 

I .  Dependence  of  the  change  in  the  distance  of  a  perceived  sound  upon 
/he  change  in  the  intensity  of  the  component  sounds. 

Two  telephones  were  situated  on  both  sides  at  r  90^  and  /90°.  The 
wires  from  both  telephones  were  connected  with  the  secondary  coil  of 
the  sliding  inductoriilm.  In  this  experiment  it  was  requisite  to  make  the 
intensities  of  the  two  component  sounds  equal  in  every  respect  at  each 
distance  of  the  secondary  coil.  This  was  done  with  a  fair  approximation 
to  correctness.  The  subject  of  the  experiment  was  C.  W.  In  this  sub- 
ject the  left  ear  was  sharper  than  the  right  ear.  Taking  this  fact  into 
consideration  we  could  not  expect  that  the  subject  would  locate  all  sounds 


Table  XXIV. 

)istance  of  the  sec- 

Judgment 

Judgment 

ondary  coil  for 

of 

of 

both  telephones. 

direciion. 

distance. 

9«'i" 

/ 

I2»uii  (36cm) 

8 

/(/6.7») 

".5  (35) 

7 

/(/3-3) 

".3  (34) 

6 

/(/s) 

10,7  (32) 

5 

/(/6) 

9      (27) 

4 

/ 

6.7  (20) 

3 

/ 

8.7  (26) 

2 

/ 

7.7  (23) 

I 

/ 

6      (18) 

The  probable  error  for  distance  varies  from  o  to  7j^^. 
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which  he  perceived  strictly  in  the  median  plane.     It  would  be  more 
probable  that  when  the  intensities  of  sounds  were  weakened  the  observer 

would  project  the  perceived  sound  a  little  towards  the 
left  of  the  median  plane. 

A  current  of  i  ^  amperes  was  used  in  the  primary- 
circuit  and  the  sounds  were  given  in  an  arbitrary  order. 
The  average  results  of  three  experiments  on  each  point 
were  as  given  in  Table  XXIV.     Figure  20  shows  the 
^  results  graphically, 
fic   2Q  When  the  same  experiment  was  repeated  with  a  cur- 

rent of  2  amperes  the  average  results  of  three  experi- 
ments on  each  point  were  as  given  in  Table  XXV. 


Table  XXV. 

Distance  of  the  sec- 

Judgment 

Judgment 

ondary  coil  for 

of 

of 

both  telephones. 

direction. 

distance. 

^cm 

/{/3.3°) 

I4"n  (42cm) 

8 

/(/3-3) 

12      (36) 

7 

/ 

IO-7  (32) 

6 

/ 

9.3  (28) 

5 

/ 

9.3(28) 

•4 

/ 

7      (21) 

3 

/ 

6      (18) 

2 

/ 

4.3  (13) 

I 

/ 

4      (12) 

The  probable  error  for  distance  varies  from  o  to  4iV%- 

Figure  21  shows  the  results  graphically.  In  both  experiments  the 
perceived  sounds  were  located  in  the  median  plane,  though  when  the 
sounds  grew  weaker  the  effect  of  the  left  sound  became 
relatively  stronger  and  the  perceived  sound  tended  to  be 
localized  a  little  towards  the  left  of  the  exact  median 
plane.  The  distance  of  the  perceived  sound  gradually 
increased  as  the  intensity  of  the  component  sounds  grew 
gradually  weaker. 

When  the  same  experiments  were  repeated  and  the 
sounds  were  given  in  ascending  or  descending  order  the 
results  were  more  regular,  but  not  much  different. 

The  results  show  that  in  the  case  of  a  familiar  sound 
the  judgment  of  its  distance  is  based  upon  the  difference  in  intensity. 

A  fact  analogous  to  the  results  of  these  experiments  is  found  in  optics 
where  the  difference  in  distance  is  judged  by  the  apparent  magnitude  of 
objects  familiar  to  the  sight  and  of  known  size. 


Fi<;.   21. 
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2.   Relation  between  the  perception  of  distance  of  a  sound  ana  its  intensity. 

In  the  preceding  experiments  we  have  considered  the  change  in  the 
distance  of  the  perceived  sound  which  depends  upon  the  change  in  the 
intensity  of  the  telephone  sounds  owing  to  the  change  in  the  intensity  of 
the  electric  current.  By  this  method  the  quantitative  relation  between  the 
distance  of  a  perceived  sound  and  the  physical  intensity  of  the  sound 
cannot  be  found,  for  it  is  very  difficult  to  measure  the  change  in  the  in- 
tensity of  a  sound,  either  absolutely  or  relatively,  as  depending  on  the 
change  in  the  intensity  of  the  electric  current.  To  obtain  a  quanti- 
tative relation  I  was,  therefore,  compelled  to  change  the  intensity  of 
a  sound  by  changing  the  distance  of  the  sounding  body.  By  that 
method  the  relation  between  the  change  in  the  perception  of  distance 
and  the  change  in  the  intensity  of  a  sound  could  be  more  easily  es- 
tablished, for  the  intensity  of  sound-waves  diminishes  according  to 
the  law  of  inverse  square  of  distance.  I  could  not  perform  the  ex- 
periment for  a  greater  distance  than  8  feet,  for  the  cloth  chamber 
within  which  I  was  compelled  to  execute  the  experiment  to  avoid  re- 
flection of  the  sound  was  a  cube  of  6  feet,  the  diagonal  being  about  8.5 
feet  long.  The  subject  was  seated  in  a  chair  in  one  corner  of  the 
chamber.  A  tape  measure  was  stretched  from  that  corner  to  the  opposite 
corner  on  a  level  with  the  top  of  the  head  of  the  subject ;  the  head  was 
adjusted  by  a  support  in  such  a  way  that  the  tape  measure  would  run  in 
the  median  plane  of  the  head.  The  point  of  the  measure  at  which  it 
was  intersected  by  a  perpendicular  drawn  from  the  middle  point  of  the 
imaginary  line  connecting  the  openings  of  the  ears  was  regarded  as  the 
zero  point.  I  used  a  telephone  sound  which  was  connected  with  an 
electro-magnetic  fork  of  250  vibrations  per  second.  Between  the  fork 
and  the  telephone  a  short  circuit  key  was  inserted,  by  means  of  which  the 
duration  of  the  telephone  sound  could  be  regulated.  The  telephone  was 
to  be  moved  below  the  tape  measure  and  parallel  to  it,  so  that  it  was 
situated  in  the  median  plane  at  the  level  of  the  openings  of  the  ears. 

The  first  step  of  the  experiment  was  to  find  the  point  at  which  the 
subject  judged  the  sound  to  be  distant  just  one  foot.  Let  this  point  be 
called  A.  The  next  step  was  to  give  two  short  sounds  with  a  brief  in- 
terval between  them,  the  first  at  the  point  A  and  the  second  at  a  different 
l)oint.  The  subject  was  to  judge,  with  his  eyes  closed,  whether  the 
second  sound  was  twice  as  far  distant  as  the  first  sound.  If  the  subject 
thought  that  the  second  sound  was  nearer  or  farther  than  twice  the  dis- 
tance of  the  first  sound  then  the  experiment  was  to  be  repeated  by  giving 
the  second  sound  at  a  farther  or  a  nearer  p>oint.  After  many  experiments  a 
]joint  would  be  found  at  which  the  second  sound  appeared  to  be  just  twice 
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as  far  as  the  first  one:  In  a  similar  way  the  points  were  founds  at  which 
the  second  sound  was  judged  to  be  three  times,  four  times  and  five  times 
as  distant  as  the  first  sounds.  In  this  way  the  relation  between  the  dis- 
tances in  the  mental  and  physical  scales  was  established.  During  the 
experiment  the  intensity  of  the  telephone  sound  was  kept  constant ,  so 
that  the  change  in  the  intensity  of  the  perceived  sound  would  arise 
only  from  the  change  in  the  distance  of  the  sound,  and  could  be  ex- . 
pressed  by  the  accepted  law  of  the  propagation  of  sound. 

I  made  the  experiments  on  the  two  subjects  I.  M.  and  K.  M.  More 
than  ICG  experiments  were  tried  for  each  j^oint  of  the  scale  of  distance, 
care  being  taken  to  avoid  the  effect  both  of  practice  and  fatigue. 

Ik)th  subjects  judged  the  sound  to  be  about  one  foot  (3.1*"°)  distant 
when  the  sound  was  given  at  the  point  40'™  distant  from  the  o  point 
of  the  tape  measure.  P'or  the  subject  I.  M.  the  relative  mental  scale  of 
the  distances  i,  2,  3,  4,  5  corresponded  to  the  ph}'^ical  scale  of  the  dis- 
tances 40,  80.9,  1 1 2.4,  159.3,  185.9  cm.,  and  for  the  subject  K.  M.  the 
relative  mental  scale  of  the  distances  i,  2,  3,  4,  5  corresponded  to  the 
physical  scale  of  the  distances  40,  79.2,  117,  152,  193.5  cm.  Now  as 
these  physical  distances  are  the  distances  between  the  middle  point  of  the 
auditory  axis  (connecting  the  ears)  and  the  telephone,  and  as  the  distance 
between  this  point  and  the  opening  of  the  ear  is  about  8*''°,  we  have 
for  the  square  of  the  distance  between  the  ear  and  the  telephone  the  sum 
of  the  squares  of  the  above  two  distances,  i.  e.,  the  distance  between  the 
telephone  and  the  middle  i)oint  of  the  auditory  axis  and  the  distance  be- 
tween the  middle  point  and  the  opening  of  the  ear,  for  these  three  distances 
correspond  to  the  three  sides  as  a  right-angled  triangle.  Finding  the 
squares  of  the  distances  between  the  ear  and  the  telephone,  which  corre- 
spond to  the  distances  in  the  mental  scale,  we  have  for  I.  M.,  1664,  6609, 
1298,  25440,  34623.  Dividing  these  figures  by  1664  (to  get  the  relative 
distances)  we  have  the  ratios  i,  2^1^  7-5»  i5-4»  20. S.  The  st[uares  of  the 
distances  for  K.  M.  are  1664,  6337,  13753,  23168,  37506.  Finding 
the  ratios  we  have  i,  t^.S,  ?>.7^^  13- 9»  22.3. 

The  ratios  in  the  above  two  cases  are  nearly  e(iual  to  the  squares  of  the 
distances  of  the  sounds  in  the  mental  scale,  namely,  i,  2,  3,  4,  5. 
As  the  reciprocals  of  these  ratios  represent  the  relative  intensities  of  the 
sounds,  the  conclusion  appears  justified  that  when  the  intensity  of  a 
sound  diminishes  in  geometrical  i)rogression  the  perceived  distance  of 
the  sound  increases  in  arithmetical  progression. 

3.    Continual  change  in  the  distance  of  a pcrceiveii sound  due  to  the  move- 
ment  of  the  two  component  sounds. 

In  connection  with  the  question  of  distance  I  conducted  other  sets  of 
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experiments  in  which  the  objective  positions  of  the  two  component 
sounds  were  simultaneously  changed,  while  their  intensities  were  kept 
constant,  and  obtained  results  which  showed  again  the  dependence  of  the 
perception  of  distance  upon  the  change  in  the  intensity  of  the  perceived 
sound.     In  these  experiments  the  spherical  cage  (Figure  i)  was  used. 

a.  The  two  telephones  were  moved  along  the  radii  of  the  horizontal 
circle  of  the  cage.  The  directions  in  which  the  two  telephones  were 
moved  are  as  given  below.  The  arrows  indicate  the  directions,  and  the 
letters  indicate  the  points  of  the  spherical  cage  as  explained  on  p.  3  ; 
thus  the  expression  for  Number  1  means  that  the  two  telephones  were  placed 
at  first  very  near  to  the  ears  and  they  were  then  moved  simultaneously  to 
the  points  r  and  /;  Number  3  means  that  they  were  started  at  the  front  and 
the  back  very  near  to  the  head  and  were  moved  to  /  and  b  ;  Number  5 
means  that  one  of  the  two  telephones  was  started  at  r  and  moved  to  the 
ear,  while  the  other  telephone  was  started  at  the  left  ear  and  moved  to  I ; 
etc. 

I.   /-<-^ear  ear«-*- r/  2.   /»->-ear  ear-^-ar/ 

3.  y^<-s;heads->-^/  4.  yss-^head-*-^^/ 

5.   /-t-sear  ear-<-eir/  6.  /«-^ear  ear»-^r. 

Five  or  eight  experiments  were  made  for  each  case  and  the  judgments 
of  the  observer  T.  N.  in  regard  to  the  directions  of  the  perceived  sounds 
under  the  conditions  were  as  given  below  ;  n  means  the  nose,  x  means 
doubtful,  k  means  within  the  head. 

I.   k-f,  k-x,  k-b(^x),  k-b{x^y  ky  ^(/),  k-f  and  l-^r-rnkm-^ty  k-f  and 

2.      /,       b-ky       b-ky      b-ky      b^k y      b^k y   f-rt y      ^(/)     \ 

3.  k-fy  n-fy  n-/y  k {/ ) "fy  n^f; 

4.  f-n,  f-nyf-ny  /-//,  /-;/,  f-n  ; 

5.  I-ry  l-Ky  /-r,  l-r ; 

6.  r-ly  r-ly  r-ly  r-ly  r-l. 

In  Number  i  the  two  ears  of  the  observer  were  stimulated  at  first  by 
strong  sounds  and  he  felt  the  sound  in  the  interior  of  his  head.  As  the 
telephones  were  moved  along  the  auditory  axis  farther  and  farther  from 
the  ears  the  intensities  of  two  sounds  grew  weaker  and  the  perceived 
sound  emerged  from  the  head  and  receded  along  the  median  plane  more 
and  more  towards/.  But  it  receded  occasionally  towards  b.  This  result 
shows  that  the  continual  change  in  the  distance  of  the  preceived  sound 
arises  from  the  continual  change  in  the  intensity  of  the  sound.  In  this 
experiment  the  observer  perceived  sometimes  two  sounds  separately, 
though  at  the  same  time  he  perceived  a  third  sound  in  in  the  median 
plane.      Number  2  is  just  the  reverse  of  Number  i.     The  sound  was 
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perceived  at  first  in  front  or  back  at  a  certain  distance  and  then  it  g 
ually  approached  towards  the  head  and  at  last  entered  the  head. 

It  is  interesting  to  note  here  that  in  Number  2  the  sound  seeme 
•start  generally  at  b  while  in  Number  i  it  seemed  to  stop  generally  \ 
though  the  intensity  of  the  stimulation  of  the  ears  at  the  instant  of  s 
ing  in  Number  2  was  just  like  the  intensity  of  the  stimulation  of  the 
at  the  instant  of  stopping  in  Number  i.  In  Numl)er  i  the  observer 
sure  that  the  sound  was  in  front,  for  in  the  first  half  of  the  experir 
the  perceived  sound  was  very  strong,  and  therefore  he  continued  to  tl 
that  the  sound  was  still  moving  in  the  same  direction  even  when  its  in 
sity  grew  weaker  and  weaker.  He  thought  only  occasionally  that 
sound  moved  towards  the  back,  but  he  was  ver)-  doubtful  of  his  jiidgm 
In  Number  2  the  case  is  a  little  different.  In  this  case  the  sound 
heard  with  less  intensity  at  the  first  moment  than  in  the  succeeding 
ments,  and  the  observer  was  in  doubt  at  first  whether  it  was  in  fron 
in  back.  It  was  his  usual  exj)erience  that  when  a  sound  was  at  the  1 
he  was  generally  in  a  state  of  doubt.  So  in  this  case  he  judged  that 
sound  started  from  the  back,  and  consecjuently  he  continued  to  think 
the  sonnd  was  still  moving  from  l>ack  even  when  the  sound  grew  stron 
Thus  I  and  2  show  that  the  perception  at  a  certain  instant  is  influer 
by  the  perception  of  the  preceding  instant. 

In  Number  3  the  sound  in  front  was  heard  with  greater  intensity  t 
the  sound  at  the  back  at  the  same  distance.  Moreover  the  sound 
heard  at  first  with  great  intensity.  The  observer  could  not,  theref 
doubt  that  the  sound  was  in  the  front  very  near  to  the  head.  As  the 
tensity  became  less  the  distance  of  the  perceived  sound  increased.  N 
ber  4  is  the  reverse  of  Number  3  and  needs  no  explanation. 

Most  interesting  results  were  given  by  Number  5  and  Number  6j 
which  we  found  striking  examples  of  the  dei)endence  of  the  i)ercepl 
of  distance  upon  intensity.  In  these  rases  the  two  telephones  v 
moved  in  the  same  direction  and  not  in  the  opposite  direction  as  in 
previous  four  cases.  Here  the  observer  perceived  the  sound  to  be  tra' 
ling  in  a  direction  reverse  to  the  direction  of  the  movement  of  the  t 
phones.  In  Number  5  one  telephone  was  moved  from  r  to  the  ri 
<.»ar,  while  the  other  telephone  moved  from  the  left  car  to  /,  so  t 
the  direction  of  movement  of  the  two  telephones  was  from  right  to  1 
The  observer  i>erceived  the  sound  to  l)e  travelling  from  left  to  ri^ 
The  ex])lanation  is  simple  and  clear.  At  first  the  sensation  of  the  left 
was  relatively  stronger,  and  gradually  grew  weaker,  whereas  the  sensat 
of  the  right  ear  was  at  first  relatively  weaker  and  gradually  grew  strong 
At  a  certain  point  the  intensities  of  the  two  sensations  became  equal.     C 
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seijuently  the  sound  was  at  first  perceived  on  the  left  side  near  to  the 
ear,  then  it  was  perceived  in  the  median  plane,  and  at  last  it  was  per- 
ceived on  the  right  side  near  to  the  ear.  The  intermediate  points  were 
l)assed  in  succession.  As  a  whole  the  sound  seemed  to  have  travelled 
from  left  to  right.     Number  6  is  just  the  reverse  of  Number  5. 

All  the  six  cases  show  that  the  distance  of  the  perceived  sound  depends 
upon  the  intensity  of  the  sound.  The  change  in  the  former  is  continu- 
ous when  the  change  in  the  latter  is  continuous.  Continuous  change  in 
the  intensity  of  a  sound  is  always  perceived  as  a  change  in  the  distance  of 
the  sound,  i.  e.,  as  a  motion  of  the  sound,  whether  that  change  in  in- 
tensity is  caused  by  actual  motion  or  not. 

Ik  The  two  telephones  were  moved  along  the  circumference  of  the  hori- 
zontal or  frontal  circle  of  the  spherical  cage.  The  objective  path  along 
which  the  two  telephones  were  moved  were  as  indicated  below.  The  ex- 
pression for  Number  i  means  that  the  two  telephones  were  started  at  the 
front  and  were  moved  around  simultaneously  to  the  left  and  right ;  Num- 
ber 3  means  that  they  were  started  at  the  left  and  right  and  were  moved 
simultaneously  toward  the  front,  etc. 

1.  /-c-./s-j-r/  2,  l^tr^bsr-^r;  3,  Ijs^^f^^r^r ;  4,  Im^bM^^r ;  5, 
/ -^—-oizh-^ r ;  6,  l-<r-musr^^r  ;  7,  i-^-^o-^r-^r ;  8,  lm-^u-*r-&r. 

The  number  of  experiments  for  each  case  was  from  4  to  6.  The  judg- 
ments of  the  obser\'er  T.  N.  in  regard  to  the  directions  of  the  perceived 
sounds  under  these  conditions  were  as  follows : 

I-  f-n^f-n^f-nyfyf-fo-o. 

2.  b-ky  b—kf  b—fy  b—bch-  o  oxf-n. 

3.  k-/,/,  k{l>)  or  k{f)-/,  b-x-/. 

4.  k-b,  k-bf  k-b,  n-b, 

5.  o-k,  o-k,  0  or/,  o-b, 

6.  //-//,  //-/',  u-uf-f^  u-uf-k. 

7-   ^^-Lf-f'yf-Oyf-o,k^o(^b^yf-fo-o. 

8.    ;/-//,  //-//,  //-//,  k-u. 

In  all  cases  the  intensities  of  the  sounds  for  the  two  ears  were  equal  and 
the  perceived  sound  was  always  located  somewhere  in  the  median  plane. 
S])ccial  results  were  observed  as  follows. 

Xiiniber  i.  When  the  telephones  were  moved  from  /  to  r  and  /,  the 
sound  was  perceived  to  travel  in  the  median  plane  from  some  distant 
])oint  in  front  inward  to  the  nose  or  the  head  of  the  observer.  This  de- 
crease of  distance  presumably  arose  from  the  increase  of  the  intensity  of 
tlie  perceived  sound,  for  under  these  conditions  the  perceived  sound  is 
St  ioniser  on  account  of  the  action  of  the  pinnae,  when  the  objective  sounds 
are  situated  more  towards  the  auditory  axis  than  when  they  are  situated 
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more  towards  front.  But  as  the  tragus  has  some  influence  upon  the  in- 
tensity of  the  perceived  sound,  the  obser\er  was  sometimes  in  doubt 
about  the  direction  of  motion  of  the  sound  as  the  telephones  were  ptassing 
about  the  points  y?  andyr. 

Number  2.  When  the  telephones  were  moved  from  ^  to  r  and  /  the 
sound  was  perceived  to  be  travelling  from  b  \o  k  ox  from  b  to  f.  This 
needs  no  explanation,  for  it  is  analogous  to  Number  i. 

Number  3  and  Number  4  are  just  the  reverse  of  Number  i  and  Number 
2  and  the  sounds  were  perceived  to  pass  from  k  to  /  and  from  >6  to  ^  re- 
spectively. 

Number  5  and  Number  6  can  be  explained  in  a  similar  way.  On  ac- 
count of  the  pinnae  and  the  direction  of  the  external  meatus,  sounds 
coming  from  above  or  below  are  heard  with  less  intensity  than  sounds 
coming  from  the  direction  of  auditory  axis.  Accordingly  the  intensity 
of  the  perceived  sound  increases  gradually  as  the  telephones  are  moved 
from  above  or  below  toward  the  auditory  axis,  and  the  distance  of  the 
perceived  sound  seems  to  decrease. 

Number  7  and  Number  8  are  the  reverse  of  Number  5  and  Number  6. 

It  is  interesting  to  note  that  in  Number  7  the  sound  was  sometimes 
perceived  to  have  travelled  from  /  to  b^  or  /  to  o^  or  //  to  /,  instead  of 
travelling  from  k  to  0.     From  this  we  can  see  that  in  discriminating 
directions  in  the  median  plane  much  depends  upon  the  interpretation  of 
the  observer.     In  number  7  the  stimulation  of  the  ears  was  strongest  in 
the  beginning ;  then  grew  less  and  less  as  the  telephones  were  moved 
gradually   upward.     This  decrease  of  the    intensity  can  be  interpreted 
by  the  observer  as  the  effect  of  motion  of  sound  from/ to  ^,  or/ to  Oy  or 
//  to/. 

Finally  in  connection  with  the  question  of  distance  we  must  call  at- 
tention to  the  endocephalic  localization  which  we  have  already  noticed. 
When  the  intensity  of  the  two  sounds  opposite  the  ears  becomes  very 
great  the  perceived  sound,  which  is  localized  at  first  in  the  median 
plane,  approaches  the  head  and  at  last  enters  it.  This  endocephalic 
localization  is  sometimes  so  strong  that  the  subject  cannot  get  rid  of  the 
illusion,  though  he  knows  perfectly  well  that  the'  objective  sounds  are 
outside  the  head.  This  illusion  occurs  more  strikingly  when  the  tele- 
phones are  placed  against  the  cars  or  when  conducting  tubes  are  put 
into  the  ears.  Under  such  conditions  the  sound  is  heard  in  the  head 
even  if  the  intensity  is  not  very  great.  An  experiment  of  Schaefer' 
is  interesting  in  this  connection.     In  his  experiments  a  telephone  was 

1  Sciia?:fkr,    Zur   intcraureahn    Localisation   diotischcr    Wahmehmuugen ,    Zt.    f. 
Fsycbol.  u.  Physiol,  d.  Sinn.,  1890  I  300. 
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brought  near  to  a  funnel  receiver,  which  communicated  with  the  two 
«ars  by  means  of  a  forked  tube  with  arms  of  equal  length.  The 
telephone  was  connected  with  the  secondary  coil  of  a  sliding  induc- 
torium.  At  the  start  the  secondary  coil  was  put  at  a  great  distance  from 
the  primary  coil  of  the  inductorium  and  then  the  secondary  coil  was 
gradually  brought  nearer  to  the  primary,  during  which  the  change  in 
localization  was  observed.  It  was  found  that  the  apparent  sound  ap- 
proached the  head  according  to  the  decrease  of  the  distance  between  the 
primary  and  secondary  coils,  so  that  the  sound  finally  crept  into  the  head 
and  occupied  a  position  between  the  ears.  If  one  of  the  arms  was 
closed  the  sound  would  shift  to  the  auditor}'  canal  of  the  opposite  ear. 
If  the  secondary  coil  were  then  moved  farther  from  the  primary  coil  the 
sound  would  go  out  from  the  auditory  canal  to  the  space  on  the  side  of 
that  ear.  If  the  pressed  tube  were  then  opened,  the  sound  would  move 
to  the  median  plane  at  some  distance  from  the  head.  With  many  per- 
sons the  sound  entered  or  emerged  from  the  head  at  the  root  of  the  nose 
according  to  the  increase  or  decrease  of  the  intensity  of  the  telephone 
sound. 

VI.  The  least  perceptible  change  in  the  direction  of  a  sound. 

In  our  previous  experiments  we  found  that  when  two  telephones  were 
placed  on  opposite  sides  just  in  the  line  of  two  ears  and  the  Intensity  of  one 
component  of  the  perceived  sound  was  changed  while  that  of  the  other  was 
kept  constant,  the  perceived  sound  was  located  more  toward  the  side  on 
which  the  objective  sound  was  stronger,  and  more  toward  the  median 
jjlane  when  the  intensities  of  the  two  component  sounds  became  more 
nearly  equal.  While  conducting  these  experiments  I  noticed  occasionally 
that,  when  the  relative  intensities  of  the  two  sounds  were  in  such  a  relation 
that  the  perceived  sound  was  located  at  r  90**  or  /  90**,  a  small  change 
( I  to  I J4  cm.  for  the  secondary  coil)  in  the  difference  between  the  relative 
intensities  of  two  sounds  was  not  usually  perceived  as  a  change  in  the 
direction  of  the  perceived  sound  and,  in  fact,  was  not  perceived  at  all. 
But  when  the  intensities  of  the  two  component  sounds  were  in  such  a 
relation  that  the  perceived  sound  was  located  just  in  front,  the  change  in 
the  difference  between  the  relative  intensities  corresponding  to  0.5*"°  or 
i""  was  usually  perceived  as  a  change  in  direction. 

The  explanation  of  the  difference  in  the  above  two  cases  seems  to  me  to 
lie  in  the  fundamental  fact  of  sensation  as  expressed  by  Weber's  law. 
For  the  initial  difference  between  the  relative  intensities  of  the  sounds 
heard  by  the  two  ears  was  greater  in  our  experiments  when  the  perceived 
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sound  was  located  more  toward  the  side,  and  it  was  smaller  when  the  p)er- 
ceived  sound  was  located  more  toward  front.  Consequently  a  large 
change  would  be  necessary  in  the'  former  case  if  the  change  is  to  be 
perceived. 

The  object  of  the  next  experiment  was  to  make  this  relation  clear. 
As  in  my  previous  experiments,  two  telephones  were  placed  on  opposite 
sides.  The  distance  between  the  ear  and  telephone  was  45  *™.  The 
intensity  of  one  component  sound  was  kept  constant,  while  that  of  the 
other  component  sound  was  varied  by  means  of  the  secondary  coil ;  the 
observer  localized  the  perceived  sound  at  a  certain  point  as  before  when 
the  two  components  were  given  simultaneously.  This  point  was  to  be 
regarded  as  the  initial  direction.  Then,  while  the  two  sounds  were 
given,  one  of  them  was  to  be  moved  from  its  original  position  slowly 
along  the  auditory  axis  till  the  point  was  reached  where  the  observer  just 
noticed  a  change  in  the  initial  direction  of  the  perceived  sound.  The 
distance  traversed  by  this  component  sound  was  measured  by  a  milli- 
meter scale  which  was  fixed  along  the  path  of  the  telephone.  This  dis- 
tance is  called  an  increment  distance  (J),  for  it  is  a  distance  which 
is  required  for  producing  the  least  change  in  the  initial  direction  of  the 
perceived  sound. 

The  results  of  the  experiments  on  the  relation  between  the  change  in 
the  initial  direction  and  the  corresponding  increment  distance  were  as 
given  in  Table  XXVI. 

Table  XXVI. 
The  right  component  sound  constant.    Observer  :  C.  \V. 
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In  this  experiment  the  intensity  of  the  sound  produced  by  the  right 
telephone  (connected  with  the  primary  coil  of  the  inductorium)  was  kept 
constant  while  the  intensity  of  the  sound  produced  by  the  left  telephone 
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(connected  with  the  secondary  coil)  was  varied.  When  the  secondary 
coil  was  moved  away  from  the  primary  to  the  point  0.6"'°  and  sounds 

• 

were  given  from  both  telephones  at  the  same  time  the  observer  located 
the  single  resultant  sound  at  /.  The  resultant  sound  was  localized  at 
fr  30°,  fr  70°,  r  90**,  r  90°  (^)  respectively  as  the  coils  were  separated 

nc'    /«(-^in    .cm       .cm      ^cm 
^2      ,3      ,4      ,5      . 

When  the  observer  located  the  sound  at  one  of  above  directions  the 
intensity  of  the  left  component  was  decreased  again  by  moving,  not  the 
secondary  coil,  but  the  left  telephone  itself  from  the  ear  along  the  auditory 
axis,  till  the  point  was  reached  at  which  the  sound  was  just  noticed  to 
shift  from  its  initial  position. 

As  we  find  in  the  table  the  increment  distance  was  least  when  the  per- 
ceived sound  was  initially  located  at  /,  it  increased  gradually  till  it 
reached  its  maximum  when  the  perceived  sound  was  initially  located  at 
r9o°(^).  When  the  initial  difference  between  the  intensities  of  com- 
I)onents  heard  by  the  two  ears  was  much  greater  the  increment  distance 
l)ecame  greater  than  js*"".  In  our  small  room  we  could  not  make  an 
arrangement  to  move  the  telephone  farther  than  35*"*.  The  reason  why 
the  perceived  sound  shifted  its  position  always  toward  the  right  in  this 
experiment  is  easy  to  find,  for  the  intensity  of  the  right  component 
became  relatively  greater  as  the  intensity  of  the  left  component  de- 
creased. We  must  notice  here  the  fact  that  the  perceived  sound  was 
located  at  r  90°,  but  a  little  backward  than  just  at  r  90®,  when  the  rela- 
tive difference  between  the  intensities  of  sounds  in  the  two  ears  was  very 
great.  A  similar  case  has  been  already  observed  in  our  previous  experi- 
ments. I  have  said  that  it  is  probable  that  what  we  call  commonly  right 
and  left  lies  in  the  line  drawn  tangent  to  the  front  surfaces  of  the  two  eye- 
balls. So  when  the  maximum  difference  in  the  intensities  of  the  com- 
l)onents  in  the  two  ears  is  obtained,  the  perceived  sound  is  not  located 
just  at  visual  right  or  left,  but,  being  referred  to  the  common  standard 
of  direction,  it  is  located  at  right  or  left,  a  little  toward  back.  Or  we 
may  say  that  the  difference  in  the  relative  intensities  with  which  a  sound 
is  heard  by  the  two  ears  is  greatest,  not  when  the  sound  is  situated  in  the 
visual  rl  line,  but  when  it  is  situated  a  little  behind  it.  On  this  basis 
the  fact  that  the  sound  seemed  to  shift  a  trifle  backwards  from  r  90° 
when  the  intensity  of  the  right  component  became  relatively  very 
strong  does  not  disprove  the  dependence  of  the  least  perceptible  change 
in  the  direction  of  a  sound  upon  the  change  in  the  relative  difference  be- 
tween the  intensities  of  the  components  in  the  two  ears.  From  similar 
experiments  conducted  on  a  different  day,  results  were  obtained  in  which 
the  above  relation  can  be  seen  still  more  clearly  (Table  XXVII). 
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Owing  to  the  slight  changes  in  the  position  of  the  telephones  and  the 
head  of  the  observer  and  minute  changes  in  the  intensity  of  the  sound 
arising  from  the  fluctuaton  of  the  electric  current,  there  were  some  devia- 
tions in  conditions  for  different  da3rs ;  and  consequently  the  results  of  the 
experiments  must  be  considered  for  each  day  separately. 

Table  XXVII. 
The  right  component  sound  constant.     Observer  :  C.  W. 
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'Notation  same  as  in  Table  XXVI. 


The    probable  error  of  J  varies    from 
:lA%todb2%. 


Some  experiments  made  upon  Dr.  Scripture  gave  similar  results  which 
are  given  in  Table  XXVIII. 
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Table  XXVIII. 

The  right  component  sound  constant.      Observer,  Dr.  Scripture. 
D  I  J  E 
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Notation  same  as  in  Table  XXVI. 


The  probable  error  of  J  varies  from 
2i%%to-3i5%- 


In  these  experiments  the  perceived  sounds  were  sometimes  located  to 
the  rear.  In  such  cases  the  least  change  m  direction  was  also  made 
toward  b.  Again,  when  the  initial  direction  was  on  the  left  side  the  least 
perceptible  change  was  made  toward  the  median  plane.  The  shifting  of 
of  the  left  sound  toward  the  median  plane  is  really  a  shifting  toward 
the  right  side,  and  can  be  explained  by  the  relative  increase  of  the 
intensity  of  the  right  component  sound. 

Similar  experiments  were  made  upon  C.  W.  on  different  days,  by  var}^- 
ing  the  intensity  of  the  right  component  sound  while  keeping  that  of 
the  left  component  sound  constant,  and  similar  results  were  obtained, 
which  are  given  in  Table  XXIX  and  need  no  special  explanation. 
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Table  XXIX. 
The  left  component  sound  constant 
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Dy  distance  of  the  secondary  coil   for 
the  right  telephone. 


Other  notations  same  as  in  Table  XXVI. 
The    probable    error  of  J  varies   from 

lb  A%  to  ±  2  A%- 

As  the  intensity  of  sound  is  inversely  proportional  to  the  square  of 
distance,  the  intensity  of  the  variable  component  sound  in  the  foregoing 


experiments  is  proportional,  other  things  being  equal,  to 


where 


C  represents  the  initial  distance  (45*"°)  between  the  telephone  and  the  ear 
and  J  represents  the  increment  distance.  As  C  is  constant  in  our  experi- 
ments, the  value  of  the  fraction  depends  upon  J.  The  greater  the  change 
in  the  increment  distance,  the  greater  is  the  change  in  the  intensity  of  the 
component.  But  the  change  in  the  increment  distance  which  is  required 
for  producing  the  least  noticeable  change  in  the  initial  direction  would 
be  expected  according  to  Weber's  law  to  depend  upon  the  value  of  the 
initial  difference  between  the  intensities  of  the  two  components.  This 
expectation  was  realized  in  the  actual  results  of  the  foregoing  experiments. 
For  in  these  experiments  the  increment  distance  was  smallest  when  the 
sound  was  initially  located  in  front  or  behind,  that  is,  when  the  initial 
difference  between  the  intensities  of  the  component  sounds  in  the  two 
ears  had  the  smallest  value  possible  (namely,  zero).  The  increment  dis- 
tance increased  gradually  as  the  initial  difference  between  the  intensities 
of  the  component  sounds  in  the  two  ears  became  greater,  and  conse- 
(juently  as  the  perceived  sound  was  initially  located  more  towards  the 
right  or  left  side. 

VII.  Theoretical  conclusions. 

Sounds  are  located  both  as  to  direction  and  distance  from  ourselves  as 
the  center.    In  the  foregoing  experiments  we  have  found  that  the  judgment 
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of  the  direction  of  a  sound  depends  chiefly  on  the  relative  difference  be- 
tween the  intensities  of  the  component  sounds  heard  by  the  two  ears, 
while  the  absolute  intensity  of  the  perceived  sound  is  supplementary  to 
this  fundamental  factor.  The  judgment  .of  the  distance  of  a  sound  de- 
pends, on  the  contrary,  chiefly  on  the  absolute  intensity.  To  these  fac- 
tors in  the  localization  of  a  sound  we  may  add  other  cooperating  factors, 
such  as  relative  and  absolute  pitch,  timber  and  phase.*  With  these 
data  at  hand  it  becomes  necessar}^  to  inquire  how  they  bring  about  the 
localization  of  a  sound.  There  are  several  theories  of  the  way  in  which 
this  is  done ;  these  will  be  briefly  discussed. 

I .    Theory  of  a  direct  acoustic  space. 

This  theory  assumes  that  a  sound  heard  by  the  right  ear  is  distinguish- 
able from  that  heard  by  the  left  ear ;  that  the  right  and  left  components  of 
a  sound  heard  with  both  ears  produce  an  eff*ect  in  consciousness  which 
varies  with  the  relative  intensity  of  the  components;  that  this  effect  is  an 
experience  analogous  to  that  from  simultaneous  but  not  identical  sensa- 
tions of  sight  or  touch ;  that  it  should  be  considered  to  be  one  of  the  kinds 
of  space  analogous  to  visual  space  or  tactual  space  ;  and  that  this  acoustic 
space  is  brought  into  relation  to  and  modified  by  visual,  tactual  and 
muscular  experiences. 

This  might  be  called  a  direct  theory  of  acoustic  space.  Although  no 
positive  objection  can  be  made,  it  seems  somewhat  artificial  and  not  well 
adapted  to  explain  the  methods  by  which  we  localize  sounds; 

2.    Tactual  theory. 

Some  psychologists  have  sought  the  ultimate  origin  of  acoustic  space 
in  the  tactual  sensations  of  the  tympanic  membrane. 

One  form  of  this  theory  assumes  :  i,  that  special  sensations  of  touch 
are  received  from  diff*erent  parts  of  the  tympanum  ;  2,  that  the  sound- 
wave arouses  the  sensations  from  the  tympanum  :  and  3,  that  different 


>  Urbantschitsch,  Zur  Lehre  von  iter  Schallempjinduiii^y  Archiv  f.  d.  ges.  Physiol. 
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32.       Ravleigh,  Acoustical  observations^  Phil.  Mag.,  1877  (5)  III  456. 

Mach,  Bemerkung  iiber  die  Function  der  Ohrmusc/uly  Arch.  f.  Ohrenheilk.,  1875 
n.  F.  Ill  72. 

Thompson,  On  binaural  audition^  Phil.  Mag.,  1877  (5)  IV  274;  1878  VI  383  ; 
1881  XII  351.  Thompson,  On  the  function  of  the  two  cars  in  the  perception  of  space, 
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parts  of  the  tympanum  are  affected  according  as  the  direction  of  the 
sound  is  different.^ 

The  first  assumption  is  in  all  probability  justified  ;  the  tympanum  is  un- 
doubtedly sensitive  and  the  stimuli  applied  to  different  portions  can  be 
presumably  distinguished. 

The  second  assumption  is  not  so  readily  to  be  accepted  in  view  of  the 
fact  that  the  energy  of  the  air- vibrations  is  extremely  small,  in  fact  so 
small  that  a  most  complicated  apparatus,  the  internal  ear,  has  been  spec- 
ially adapted  to  transform  the  air-vibrations  into  nerve-currents.  There 
is  no  conclusive  experimental  evidence  to  support  the  view  that  sound- 
>vaves  can  be  directly  felt  by  the  end  organs  or  the  nerves  of  touch.  In 
the  perception  of  sounds  the  tympanum  is  not  the  true  receptive  organ, 
but  only  a  part  of  a  mechanical  device  by  which  the  vibrations  are 
gathered  and  conveyed  to  the  internal  ear.* 

The  third  assumption  is  quite  untenable.  The  diameter  of  the  audi- 
tory canal  is  too  small  to  permit  of  different  degrees  of  pressure  at  differ- 
ent points  of  the  tympanum  at  the  same  moment ;  we  can  without  hesita- 
tion consider  the  pressure  as  equal  over  all  parts  of  the  tympanum.' 

A  second  form  of  this  theory  to  the  effect  that  the  touch  organs  of  the 
tympanic  membranes  in  the  two  ears  are  affected  differently  by  sounds 
coming  from  different  directions  would  be  consistent  with  observations  of 
cases  in  which  the  ability  to  localize  sounds  was  lost,  together  with  the 
sensitiveness  of  the  tympanum.*  In  spite  of  some  minor  observations 
that  may  be  interpreted  in  favor  of  this  theory  it  is  difficult  to  agree  with 
WuNDT*  in  accepting  it  even  partially ;  at  any  rate  such  an  extremely  re- 
markable sensitiveness  of  the  tympanum  should  be  most  thoroughly  es- 
tablished before  a  final  decision  could  be  given  in  favor  of  it. 

3.    Theory  of  a  special  space  organ. 

According  to  Prever  the  semicircular  canals  are  the  organs  for  the  per- 
ception of  the  direction  of  a  sound.'    By  means  of  a  specific  energy  of  the 
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ampuUae  of  the  semicircular  canals  a  particular  kind  of  sensation  is  produced 
when  they  are  excited  by  a  sound  from  a  particular  direction.     The  sen- 
sation is  different  according  to  the  direction  from  which   the   sound 
comes,  because  a  sound  must  stimulate  more   strongly   one  canal    or 
pair  of  canals  in  a  way  depending  on  its  direction.     As  the  six  canals 
are  excited  with  different  relations  of  intensities  by  sounds  from    dif- 
ferent directions,  the  sensations  which  are  produced  by  the  specific  energy 
of  the  ampullae  are  different  corresponding  to  the  different  directions  of 
the  sounds.     These  differences  of  sensations    give  us  the  ideas  of  the 
directions  of  sounds.     **If  we  consider,"  says  Preyer,  **  that  by  the 
stimulation  of  an  ampulla  with  the  vibration  of  the  liquid  of  the  canal 
belonging  to  that  ampulla  a  sensation  of  sound  is  produced  which  is  dif- 
ferent from  the  sensation  produced  by  the  stimulation  of  another  ampulla^ 
though  the  two  are  exactly  alike  in  respect  to  intensity,  pitch  and  tim- 
bre, and  if  the  difference  between  the  two  arises  simply  because  the  dif- 
ferent nerve-fibers  are  stimulated,  we  cannot  but  regard  this  difference  as 
spatial.  *  * 

Preyer* s  assumption  that  a  canal  is  most  strongly  stimulated  by  i 
sound  lying  in  the  plane  in  which  the  canal  lies  is  irreconcilable  with  the 
elementary  facts  of  the  ph)rsics  of  sound.  The  sound-waves  which  are 
transmitted  through  the  air  reach  the  membrana  tympani  and  then  move 
the  chain  of  ossicles,  and  at  last  the  lymphatic  liquid  of  the  inner  ear. 
During  this  conduction  the  sound-wave  is  changed  into  a  movement  of  a 
membrane,  a  movement  of  a  set  of  bones,  a  movement  of  a  liquid,  etc. 
There  is  no  possibility  of  any  change  of  direction  of  these  movements 
for  changes  in  the  direction  of  the  sounding  body,  and  consequently  no 
possibility  of  a  varied  action  on  the  semicircular  canals. 

Preyer  may  have  thought  that  the  sound-waves  are  conducted  directly 
from  the  air  through  the  skull  bones  into  the  head  and  thus  to  the  semi- 
circular canals ;  at  least,  this  seems  the  only  possible  construction  of  his 
view.  The  conduction  of  sound-waves  by  the  cranial  bones  comes  into 
play  when  a  sonorous  solid  body  is  either  in  immediate  contact  with  the 
skull,  or  is  connected  with  it  by  a  chain  of  solid  or  fluid  bodies,  or  when  the 
medium  immediately  surrounding  the  head  is  not  gaseous  as,  for  instance, 
when  the  head  is  immersed  in  water.  With  aquatic  vertebrates  we  can 
not  deny  the  cranial  conduction  of  sounds,  but  for  most  sounds  it  is 
certain  that  in  the  case  of  human  beings  the  cranial  conduction  plays  no 
part.  The  sound  waves  are  mostly  reflected  from  the  surface  of  the  head, 
and  the  conduction  directly  through  the  cranial  bones  and  tissues  is  in- 
finitesimal. 

Preyer* s  theory  next   involves  the  assumption  that  the  sound-waves 
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affect  the  canals  diflferently,  according  to  the  direction  of  the  sound. 
He  evidently  viewed  the  sound  as  a  force  entering  the  head  and  being 
resolved  into  three  components  with  intensities  depending  upon  the 
angles  made  by  the  direction  of  the  force  with  the  planes ;  he  had  prob- 
ably in  mind  the  familiar  method  of  resolving  a  movement  or  a  velocity 
into  three  components  in  planes  at  right  angles  to  each  other.  The  ab- 
surdity of  such  a  position  is  at  once  evident  to  any  one  acquainted  with 
the  elementary  ideas  of  wave-motion.  A  sound-wave  passing  through 
the  air  consists  of  alternate  condensations  and  rarefactions — not  of  a 
line  or  of  a  plane — but  of  a  more  or  less  spherical  surface.  The  sound- 
wave passing  through  the  head  is  of  a  similar  sort.  There  is  not  the  re- 
motest reason  for  believing  that  the  molecules  of  a  liquid  in  a  curved 
tubular  bone  will  vibrate  differently  according  as  the  sound-wave  ap- 
proaches from  different  directions  in  the  mass  in  which  the  bone  is  im- 
bedded. 

This  theory  of  Preyer's  was  accepted  by  MCnsterberg^  as  the  start- 
ing point  of  a  reflex -muscular  theory  of  acoustic  space.  **The  different 
movements  of  the  head,  which  can  be  aroused  by  stimulation  of  the  semi- 
circular canals,  arouses — ^by  means  of  the  muscle  sense — that  threefold 
system  of  sensations  of  movement  which  forms  the  basis  of  our  acoustic 
space."  ** To  localize  a  sound  means  to  assign  to  its  place  in  the  whole 
system  of  sensations  of  head-movements  the  sensation  of  that  reflex  head- 
movement  which  is  necessary  in  order  to  turn  toward  the  source  of  the 
sound." 

r 

Concerning  the  possibility  of  the  direct  stimulation  of  the  semicir- 
cular canals  nothing  further  needs  be  said. 

As  for  the  results  of  MOnsterberg*s  experiments  on  the  least  per- 
ceptible change  in  the  direction  of  a  sound,  they  cannot  be  regarded  as 
a  proof  of  his  theory.  It  has  been  made  clear  by  the  experiments  of 
Bloch^  and  by  mine  that  the  curve  of  the  least  perceptible  change  can 
be  explained  by  the  principles  of  relative  and  absolute  intensities. 

4.  Motor  theory. 

The  essential  factor  in  the  motor  theory  seems  to  be  this :  A  sound 
perceived  by  the  ear  brings  with  it  an  impulse — conscious  or  uncon- 
scious— to  move  toward  it ;  this  motor  impulse  and  its  results  are  what 
appear  to  us  as  the  localization  of  the  sound.  This  theory  assumes  that 
these  motor  impulses  are  aroused  in  definite  relations  by  the  factors  men- 


1MCNSTERI5ERG,  Raufusinn  des  Ohres^  Beitrfige  z.  exper.  Psychifr.,  1889  II  182. 
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tioned  at  the  beginning  of  this  section  (p.  70),  namely,  absolute  ir 
tensity  of  the  sound,  relative  intensity  for  the  two  ears,  etc.  The  fon 
of  the  motor  space  is  derived  from  past  experience  under  influence  of  th 
visual  space ;  in  fact,  the  space  in  which  the  sound  is  localized  is  ou 
usual  visual -tactual-motor  space  with  which  the  sound  is  connected  by  th 
motor  impulses.  In  this  compound  space  the  visual  sensation  is  the  nios 
important  element.  The  tactual  sensation  seems  rather  to  be  of  second 
ary  importance  except  in  the  case  of  the  blind.  Speaking  genetically  w 
can  recognize  the  position  of  a  sound  only  when  acoustic  and  visual  sensa 
tions  are  connected  with  each  other  in  a  definite  relation.  It  is  unthink 
able  that  we  can  recognize  the  position  of  a  sound  without  connectinj 
the  former  directly  or  indirectly  with  the  latter.  A  definite  connectioi 
between  these  two  can  be  accomplished  through  the  medium  of  a  definit 
muscular  action.  These  three  elements  have  occurred  in  connection  wit] 
each  other,  and  have  been  firmly  associated  in  the  course  of  time,  so  tha 
when  one  of  them  is  present  the  others  will  be  necessarily  called  forth 
When  the  visual  sensation  fails,  as  in  the  case  of  a  blind  person,  thei 
tactual  sensation  takes  its  place. 

From  a  biological  point  of  view  this  theory  seems  quite  natural.  Ii 
the  course  of  natural  selection  the  survivors  have  obtained  the  power  o 
reacting  suitably  to  the  different  acoustic  sensations  which  they  receive 
from  the  surrounding  world. 

To  react  suitably  upon  an  acoustic  sensation  we  must  first  of  all  recog- 
nize the  direction  from  which  the  sound  conies.  To  recognize  the  di" 
rection  it  is  necessary  that  the  auditory  sense  should  be  assisted  by  othei 
senses.  But  as  the  auditory  sense  has  to  do  with  more  or  less  distant  ob- 
ject, it  must  be  chiefly  the  visual  sensation  which  is  combined  with  the 
auditory  sensation  to  assist  it  in  perceiving  the  direction  of  the  sonorous 
object.  To  perceive  an  object  in  a  certain  direction  the  head  must  be 
moved  so  that  the  object  will  be  brought  in  the  line  of  visual  fixation 
or  in  the  median  plane.  In  the  beginning  this  will  not  be  easily  done, 
but  after  practice  it  will  be  found  that  the  instant  at  which  the  sound  is 
equally  loud  in  both  ears  is  the  instant  at  which  the  source  of  sound  is 
found  in  the  median  plane.  Again  we  have  already  seen  that  a  sound 
situated  in  the  median  plane  will  be  best  heard  when  it  is  in  the  line  of 
sight.  Thus  after  the  source  of  sound  has  been  brought  into  the  median 
plane,  the  next  process  will  be  to  bring  it  into  the  line  of  sight. 

Again  we  must  notice  the  fact  that  by  practice  it  has  been  found  that 
the  instant  at  which  the  sound  is  perceived  with  greatest  intensity  by 
one  ear  and  with  smallest  intensity  by  the  other  ear  is  the  instant  at 
which  the  source  of  sound  is  situated  nearly  in  the  auditory  axis  or  little 
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behind  it.  Accordingly,  we  sometimes  try,  by  the  movement  of  the 
head,  to  bring  a  source  of  sound  into  this  axis  when  we  find  it  more  con- 
venient, as  for  a  sound  of  small  intensity. 

These  movements  of  the  head,  which  we  perform  in  order  to  connect 
visual  and  acoustic  sensations,  affect  our  sense  of  equilibrium,  by  means 
ot  which  we  become  conscious  how  much  we  have  turned  our  head.  By 
means  of  this  sense  of  equilibrium  we  are  enabled  to  estimate  the  position 
of  a  source  of  sound  in  reference  to  the  position  of  our  body. 

Again,  though  a  source  of  sound  is  usually  brought  into  the  line  of 
fixation  of  sight  by  the  motion  of  the  head,  we  can  effect  this  within  a 
certain  limit  not  by  moving  the  head  but  by  moving  the  eyeballs  alone. 
In  such  a  case  the  acoustic  sensation  is  connected  with  the  oculo-motor 
sensation,  by  means  of  which  we  can  feel  also  the  angular  direction  of  a 
source  of  sound,  for  we  have  a  fine  sense  for  this  movement  of  the  eyes. 
This  muscular  sensation  of  the  eyes  is  supplementary  to  the  sensation  of 
rotation  of  the  head,  by  means  of  which  we  can  chiefly  estimate  the  direc- 
tion of  a  sound. 

From  these  considerations  it  is  clear  that  by  long  practice  the  asso- 
ciation has  been  established  between  a  particular  acoustic  sensation — cor- 
responding to  the  stimulation  by  the  sound  from  a  particular  direction — and 
the  rotatory  sensation — which  is  required  for  bringing  the  source  of  sound 
into  the  visual  fixation  line  or  into  the  auditory  axis — and  moreover  the 
association  has  been  established  between  the  acoustic  sensation  and  the 
oculo-motor  sensation.  After  the  associations  between  these  factors  have 
been  established,  either  one  of  these  factors  by  itself  is  able  to  call  forth 
other  factors.  It  is  not  necessary  that  the  rotatory  sensation  or  muscular 
sensation,  which  gives  us  the  measure  of  the  angular  departure  of  a  source 
of  sound  from  the  fixation  line  of  the  eyes,  should  arise  always  by  an 
actual  movement.  Though  this  is  the  original  case,  the  sensation  of  in- 
ner\  ation  or  reproduced  motor  sensation  called  forth  by  association  with 
the  acoustic  sensation  may  take  the  place  of  the  actual  motor  sensation. 

Our  final  conclusion  is  thus  that  an  acoustic  sensation  receives  its 
spatial  form  primarily  from  the  space  idea  which  is  given  to  us  by  the 
visual,  tactual  and  motor  sensations.  Acoustic  space  presupposes  the 
existence  of  the  space  form  of  other  sensations.  We  have  only  to  give 
an  account  of  how  the  perception  of  the  position  of  sounds  arises  on 
the  basis  of  the  already  existing  space  which  was  given  to  us  by  other 
sensations.  As  to  the  further  problem  of  the  ultimate  origin  of  the 
sj)ace  form  of  perception,  its  solution  must  be  sought  in  the  visual  and 
tactual  perception. 


ON  BINAURAL  SPACE. 

BY 

E.  W.  Scripture. 

The  fundamental  fact  of  binaural  sp3ice  is  that  when  two  con]pK>nent 
sounds  heard  by  the  two  ears  are  perceived  as  a  single  sound  the  result- 
ant sound  is  **  localized  in  space.''  This  **  localization  in  space  "  is  a 
direct  experience  of  every  person  with  binaural  audition. 

Aside  from  such  problems  as  the  influence  of  visual  and  muscular  space 
on  this  localization,  the  fundamental  problem  is  that  of  the  localization 
of  the  resultant  sound  as  dependent  on  the  two  components.  The  sim- 
plest sounds,  tones,  vary  in  pitch,  intensity  and  duration.  The  only 
property  which  comes  essentially  into  question  in  the  case  of  the  two 
components  is  that  of  intensity.  The  following  paragraphs  will  present 
a  hypothesis  in  respect  to  the  law  of  localization  as  dependent  on  the  in- 
tensity of  the  components. 

The  fundamental  observation  is  as  follows :  When  two  component 
tones,  e.  g.,  from  the  telephones  opposite  the  two  ears,  are  heard  as  one 
tone,  this  tone  is  located  in  a  certain  direction  in  respect  to  the  observer. 
When  the  intensities  of  the  two  components  are  equal,  the  resultant  ap- 
pears to  be  in  the  median  plane,  e.  g.,  directly  in  front.  As  one  of  the 
components  is  weakened,  the  resultant  appears  to  pass  toward  the  side  of 
the  stronger  one,  finally  reaching  a  line  nearly  opposite  the  ear — the 
auditory  axis — and  proceeding  outward  along  it.  The  localization  thus 
depends  on  the  difference  between  the  intensities  of  the  components. 
Various  observations  lead  me  to  believe  that  the  following  equations  ex- 
press this  dependence. 

Let  fg  and  /^  be  the  intensities  of  the  right  and  left  components,  and 
let  {/=:.  Iff  —  /jr  be  the  difference  between  the  two  intensities. 

Let  the  plane  in  which  the  resultant  lies  contain  a  system  of  rectangular 
coordinates,  with  the  origin  in  the  median  j)lane,  the  axis  X  identical 
with  the  acoustic  axis,  and  the  axis  J' perpendicular  to  A';  thus  Kmay 
lie  anywhere  in  the  median  plane.  Since  the  position  of  the  sound  with 
respect  to  these  axes  depends  on  the  difference  of  intensity,  we  have 
X  =/(//)  and,  since  there  is  a  definite  relation  between  y  and  .r,  y  =/(^x). 

In  the  experiments  it  is  observed  that  when  the  two  sounds  are  equal, 
i.  e.,  i/  =  o,  the  resultant  is  located  in  the  median  plane,  i.  e.,  on  the 
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axis  J^at  a  certain  distance  m  from  the  center.     Thus  for  d=  o  we  have 

x=  o,  y  =  jn.      As  the  sound   on  the  right  is  made   louder  we   have 

Ir  >  Ii^  and  d  positive  ;  when  the  sound  on 

the  left  is  made  louder  d  becomes  negative. 

As  one  component  becomes  louder  than  the 

other,  the  resultant  moves  toward  the  side  of 

the  louder  component ;  indicating  the  right 

side  by  4-  and  the  left  by  —  we  have  +  x  = 

/(4-^/)  and  —  x  =/(—a).     The  resultant 

lies  always  on  the  positive  side  of  the  Kaxis, 

which  we  can  express  by  considering  j'  as  a 

function  of  the  square  of  ^,  or^  =  ^(jc*). 

The  path  described  by  the  resultant  sound 
appears  to  me  to  be  a  curve  of  the  form  given 
by  the  equation 


am 


y  =  Vie 

where ;//  is  the  value  for  ^  =  o  and  « is  a  con- 
stant of  proportionality. 

On  the  basis  of  these  observations  and 
considerations  I  venture  to  make  the  follow- 
ing two  hypotheses:  i.  that  the  distance 
right  or  left  of  the  median  plane  is  propor- 
tional to  the  difference  between  the  intensi- 
ties of  the  two  components,  i.  t,,  x  —  cdy 
when  c  is  the  factor  of  proportionality  ;  2. 
that  the  relation  between  the  distance  from 
the  median  plane  and  the  distance  from  the 
auditory  axis  is  expressed  by 


am 


y  =  vie 


where  m  is  the  distance  of  the  sound  when 
X  =  o(i.  e.,  //=o),  and  dr  is  a  proportion- 
ality factor. 

I'he  values  ///  and  a  depend  on  certain 
l)roi)erties  of  the  sounds  used,  but  mainly  on 
t  he  absolute  i  ntensity .  Sometimes  the  sound 
apijcars  to  remain  always  in  the  auditory  axis, 
in  which  case  vi=  o.  A  series  of  curves  for  different  values  of  m  is  shown 
in  Fig.  22.  The  values  from  which  the  curves  were  plotted  are  given  in 
the  table. 
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There  still  remains  the  fact  that  the  plane  of -VK  (which  we  have  con- 
sidered) may  be  in  any  jtosition  around  the  auditory  axis  ;  thus  the  sound 
may  pass  in  front  of,  above,  behind  or  below  the  head,  or  in  any  inter- 
mediate position.     Four  such  positions  are  shown  in  Fig.   23.     To  fully 


define  the  apparent  position  of  the  sound,  we  must  introduce  a  system  of 
coordinates  in  which  A'  is  the  auditory  axial  line  through  the  head,  Z  is 
a  line  jierpendicular  to  this  at  the  central  point  in  the  head  and  extending 
in  the  direction  which  the  subject  considers  to  be  directly  in  front,  and 
]  ■  is  I  lerjjendiciilar  to  both  -V  and  Z.  We  thus  have  .r  =  ^rf  as  before. 
Then  in  a  case  where  the  sound  lies  in  the  XZ  plane  to  the  front  we  have 


When  the  sound  is  upward  in  the  jVK plane  we  have  x  =0  and 


So  E.    W,  Scnpturi 

The  complete  relation  is  expressed  by 

X  =  cdy 


y  ziztne        •  sin  a, 

am 

z  =  me        '  cos  «, 


where  a  is  the  angle  of  elevation  above  the  plane  XZ. 

This  series  of  hypotheses  agrees  with  the  facts  reported  by  Mr.  Matsu 
MOTO  in  the  preceding  pages,  but  cannot  be  proven  until  the  experiment* 
are  repeated  with  tones  of  carefully  measured  intensities.  I  cannot  sa) 
that  I  expect  them  to  be  confirmed  just  as  they  stand ;  I  propose  then 
simply  as  an  attempt  to  give  definite  form  to  our  notions  of  one  of  the 
.laws  of  binaural  localization. 


THE  SIZE-WEIGHT  ILLUSION  AMONG  THE  BLIND. 

BY 

James  F.  Rice,  M.A. 

It  is  a  well  known  fact  that  when  two  objects  of  equal  weight  but  dif- 
ferent size  are  lifted,  the  smaller  appears  heavier  than  the  larger.  The 
phenomenon  has  been  made  the  subject  of  experiment  in  various  ways.^ 

It  was  suggested  to  me  that  some  experiments  on  the  blind  might  be 
of  interest.  The  experiments  were  performed  at  the  New  York  Institu- 
tion for  the  Blind.  They  were  carried  out  under  the  direction  of  the 
Yale  laboratory  with  the  suggestion -blocks  formerly  used  by  Dr.  Sea- 
shore. Many  suggestions  in  regard  to  the  details  of  the  experiments 
were  received  from  Dr.  Seashore  personally. 

Apparatus. 

The  apparatus  consisted  of  two  sets  of  cylindrical  blocks  31°"*  in 
length.  Each  set  consisted  of  1 7  blocks.  Set  A  varied  in  size  and  had 
a  uniform  weight,  while  Set  B  varied  in  weight  and  had  a  uniform  size. 
The  blocks  in  Set  A  varied  in  diameter  according  to  a  geometric  series 
in  which  the  regular  increment  is  one-tenth.  Those  in  Set  B  were  ar- 
ranged in  arithmetic  series  according  to  weight  with  a  successive  differ- 
ence of  5*. 

In  the  following  account  the  blocks  will  be  dintisguished  by  the  names 
A  and  B  with  their  respective  numbers  in  the  series. 

'Fkchner,  Ueber  die  Contrastevipfimittngy  Ber.  d.  k.-s&chs.  Ges.  d.  Wiss.,  math. 
phys.  CI.,  i860  XII  76. 

MuKLLKRand  Schumann,  Uebcr  die p^ychologischeit  Grundlagen  der  Vergleichung ge- 
hobcncr  Gcwichte,  Archiv.  f.  d.  ges.  Physiol.  (PflUger),  1889  XLV  37. 

CiiARpPiNTiER,  Apialyse  de  queiques  iUments  de  la  sensation  de  poids^  Archives  de 
Physiol.,  1891  (5)  III  122. 

Drksslar,  Studies  in  the  psychology  of  touchy  Am,  Jour.  Psych.,  1894  VI  313. 

Fi.uLRNuY,  De  P  influence  de  la  perception  visuelle  des  corps  sur  leur  poids  apparent^ 
I /Annce  Psychol.,  1 894  I  I98. 

CiiLi;KRT,  Researches  on  the  mental  and  physical  development  of  school-children  ^  Stud. 
^  ale  Psych.  Lab.,  1894  II  43-45,  59-63. 

Phi  LI  I TK  and  CLAVifeRE,  Sur  une  illusion  musculaire^  Revue  Philos.,  1894  XL  674. 

Van  Biervliet,  La  mesure  des  illusions  depoids^  L'Ami^e  Psychol.,  1895  II  79. 

(tRIKfing,  On  the  sensations  of  pressure  and  impact^  PsychoL  Rev.,  1895  II  Suppl.  I. 

ScRiiTLRE,  Remarks  on  Dr.  Gilbert's  article,  Stud.  Yale  Psych.  Lab.,  1894  II  102. 
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The  blocks  of  Set  A  were  of  a  constant  weight,  80*,  and  of  diametei 
in  millimeters  as  follows,  beginning  with  the  smallest :  20.0,  22.0,  24.3 
26.6,  29.3,  32.2,  35.4,  39.0,  42.9,  47-2>  5I-9-  57  ^  62.8,  69.1,  76.C 
83.6,  91.9. 


i 


Fig.  24. 


The  blocks  of  Set  B  were  of  a  constant  diameter,  42.9°*",  and  o 
weights  in  grams  as  follows,  beginning  with  the  lightest :  40,  45,  50 

55>  6o>  65*  7o»  75>  So>  ^5*  9o>  95»  ioo>  io5>  iio>  i^S*  120. 

It  is  to  be  observed  that  the  unifonn  weight  for  Set  A  is  the  same  a 
the  weight  of  ^  (9),  the  middle  block  in  Set  B ;  and  the  uniform  size  ir 
Set  ^is  the  size  of -^  (9),  the  middle  block  in  Set  A.^ 

The  observer  placed  himself  by  the  table,  on  which  the  blocks  were 
arranged  in  order,  in  such  a  position  that  by  moving  back  and  forth  he 
could  lift  any  block  from  its  place  in  Set  B  and  still  retain  approximately 
the  same  angle  of  the  arm  and  hand.  He  was  recjuested  to  select  for  each 
block  in  Set  A  a  corresponding  one  in  Set  B^  by  taking  one  at  a  time 
from  A  and  placing  it  by  the  side  of  successive  blocks  in  B  with  which 
he  wished  to  compare  it,  lifting  one  at  a  time  until  he  found  the  one  in 
B  which  he  thought  had  the  same  weight  as  the  one  from  A, 

One  series  of  tests  D  was  made  in  which  the  size  of  the  weights  was 
learned  by  grasping  the  curved  surface  of  the  block  ;  a  second  series  oi 
tests  E  was  so  made  that  the  observer  could  only  judge  of  the  size  from 


»Skashore,  as  before;  Scriitl'RE,  New  Psychology,  Fig.  65,  London  1897. 
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the  area  of  pressure  when  the  block  was  placed  gently  upon  the  palm  of 
his  hand.  All  the  A  blocks  were  used  in  each  series.  Each  series  of 
tests  was  made  ten  times,  and,  to  eliminate  as  far  as  possible  the  error  of 
prejudice,  the  equivalent  B  for  each  A  block  was  approached  five  times 
from  above,  ^v^  times  from  below.  That  is,  in  five  of  each  series  an  A 
block  was  compared  first  with  a  B  that  was  very  perceptibly  heavier  and 
then  with  the  B  of  next  lower  weight  until  apparent  equality  was  reached. 
In  the  other  five  the  steps  were  from  the  perceptibly  lighter. 


Fig.  25. 


To  eliminate  the  error  of  sequence,  the  observer  lifted  the  blocks  in 
the  orders  A^  By  B,  A,  and  B,  A^  A,  B  alternately.  The  position  of  the 
blocks  was  reversed  after  each  trial,  so  that  the  observer's  judgment  was 
not  affected  by  the  varying  sensations  caused  by  the  slight  movement  of 
the  forearm  to  the  right  or  left.  By  this  exchange  of  position  there  was 
also  to  a  slight  extent  avoided  the  fixing  of  the  observer's  attention  upon 
the  A  with  which  the  several  B's  were  being  compared ;  his  judgment 
was,  without  explicit  reference  to  either  block  as  a  standard,  merely  a 
judgment  of  equality.  In  case  of  a  perceived  difference  he  indicated 
which  was  the  heavier. 

Subjects. 

It  is  desirable  for  experiments  on  the  psychology  of  the  blind  that  the 
subject  should  have  been  totally  blind  from  birth.     It  has  been  held,  in- 
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deed,  that  with  the  congenitally  blind  we  should  class  as  competent  ot 
servers  those  who  became  blind  during  their  first  year,*  and  many  wh< 
have  studied  the  blind  have  included  in  their  observations  those  wh 
had  lost  their  sight  as  late  as  the  seventh  year.'  Obviously  the  ment^ 
life  of  those  whose  experience  includes  light  sensations  cannot  be  idee 
tical  with  that  of  those  totally  blind  from  birth.  The  assumption  that  th 
conditions  are  similar  cannot  be  established  until  the  psychology  of  th 
congenitally  blind,  who  have  never  seen  light,  has  been  first  studied 
The  subjects  in  the  exj^eriments  here  described  have  been  blind  fror 
birth  and  have  never  seen  light. 

M  is  a  college  graduate  and  university  professor ;  he  is  a  mathema 
tician  of  international  reputation.  O^  his  brother,  is  in  business  in  Ne\ 
York.  ITiey  are  both  graduates  of  the  New  York  Institution  for  th 
Blind. 


Fk;.  26. 


J/ was  from  the  start  quite  aware  of  the  illusion,  and  though  he  was 
kept  in  ignorance  of  the  puq)ose  of  the  tests,  he  repeatedly  spoke  of  the 
impossibility  of  correct  estimates  of  weight  when  the  objects  compared 
were  of  different  sizes.     It  was  his  opinion  that  of  the  two  tests  the  second, 
i.  e.,  with  the  weights  on  the  palm  of  the  hand,  was  the  least  accurate. 
His  custom  had  always  been  to  compare  weights  by  grasping  in  quick 


1  Heller,  Studkn  zur  Blindcn- Psyc/iohi^ic,  Phil.  Stud.,  1S95  XI  252. 
«Hc>CHELSEN,  Ueber  den  Muskchin  bei  BlitideHy  Zt.  f.  Psych,  u.  Thys.  d.  Sinn.,  1893. 
V239. 
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succession  the  objects  to  be  judged,  and  dropping  them,  if  small,  from 
one  hand  to  the  other,  or  by  weighing  them  upon  the  tips  of  the  fingers, 
as  in  the  case  of  coins.  In  the  methods  of  these  experiments  he  had  no 
previous  experience. 

O  was  also  fully  aware  of  the  illusion.    He,  like  M^  considered  the 
third  series  of  judgments  the  least  satisfactory,  and  expressed  the  same 


Fig.  27. 

preference  for  grasping  rather  than  mere  lifting  upon  the  palm.      O 
thought  that  size  was  less  diverting  in  the  first  series  than  in  the  second. 


Experiments. 

( 1 )  The  first  series  of  tests  was  that  in  which  the  knowledge  of  size 
was  gained  through  the  muscle  sense,  corresponding  to  Seashore's 
*'  fourth  series,  H,  muscle  sense.'*  An  A  and  a  B  block,  resting  on  end 
upon  a  soft  pad,  were  lifted  in  succession,  being  grasped  around  the 
circumference  by  the  thumb  and  middle  finger  of  the  right  hand.  If  the 
weights  were  judged  unequal,  the  B  was  replaced  by  another  of  the  same 
set.  Because  the  observer  did  not  have  to  make  any  choice  of  B'%^  but 
to  consider  only  two  blocks  at  a  time  (selected  by  the  one  conducting 
the  experiment),  he  could  fix  his  attention  upon  the  question  of  equality 
of  weight  undistracted  by  the  knowledge  of  the  number  of  blocks  that 
might  possibly  be  compared. 

( 2 )  In  another  set  of  experiments  the  block  was  laid  on  the  palm  of 
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hand ;  this  gave  an  idea  of  the  size,  the  height  being  known  to  be  coi 
slant.     This  corresponds  to  Seashore's  ''  fourth  series,  I,  touclu" 


Fig.  28. 
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Fig.  29. 
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The  results  are  given  in  the  table.  Each  result  in  the  columns  Dj  and 
Dii  is  the  average  of  5  original  measurements ;  the  probable  error  for 
these  results  never  exceeds  4%  and  is  generally  less  than  2%.  The  re- 
sults in  the  table  are  indicated  graphically  in  Figures  24,  25,  26,  27. 
Figure  28  shows  the  average  results  for  both  observers  together  with  the 
curve  H  of  Dr.  Seashore's  experiments. 
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J/,  O^  subjects. 

C,  number  of  millimeters  by  which  the 
diameter  in  Set  A  differed  from  that  in  Set 
B  (having  a  weight  of  80*). 

Du  Djiy  Z>,  number  of  grams  by  which 
the  estimated  weight  of  the  block  in  Set  A 
(lift'ered  from  its  true  weight,  the  block  be- 
ing grasped. 


Eu  Eiiy  Ej  same  as  Dj,  Dn,  Z>,  the 
block  resting  on  the  skin. 

Z?/,  Elf  experiment  begun  with  the 
lighter  blocks. 

I^ih  EiTt  experiment  begun  with  the 
heavier  blocks. 

/?,  E,  averages  of  Dj  and  /?//,  and  of 
Ej  and  En  respectively. 


For  the  sake  of  comparison  the  curves  obtained  by  Seashore  for  the 
same  senses  in  the  seeing  are  reproduced  in  Fig.  29  from  Fig.  5  of 
Seashore* s  monograph. 


Conclusions. 

The  results  seem  to  justify  the  following  conclusions : 

1 .  The  size-weight  illusion  obtains  among  the  blind. 

2.  It  follows  the  same  general  law  as  among  the  seeing,  but  is  not  so 
groat  either  for  the  muscle  sense  or  for  touch  as  for  the  same  senses 
among  the  seeing. 

3.  The  illusion  tends  towards  the  side  on  which  the  weight  is  ap- 
proached. 


CEREBRAL   LIGHT. » 

BY 

E.  W.  Scripture. 

In  darkness  or  with  closed  eyes  we  can  always  see  irregular  forms  of 
light  in  our  visual  field.  These  forms  are  of  various  kinds,  series  of 
waves,  successive  rings  that  spread  and  break,  etc.  In  addition  to  these 
definite  figures  there  is  always  more  or  less  definite  irregular  illumination 
over  the  whole  field.  These  phenomena  are  generally  called  **  the  retinal 
light  *'  or  the  **  Eigenlicht  of  the  retina.*'  They  are  usually  supposed  to 
arise  from  chemical  changes  going  on  in  the  retina.  I  wish  to  record 
some  obser\'ations  that  apparently  prove  them  to  be  cerebral  and  not  re- 
tinal processes. 

1.  With  closed  eyes  there  is  only  one  illuminated  field,  not  two,  as 
there  should  be  from  the  two  retinas  if  the  light  were  retinal.  Two  re- 
tinal figures  might  appear  as  one  under  the  conditions :  («)  of  suppres- 
sion of  one  field,  which  is  not  the  case  here,  because  it  is  impossible  to 
keep  one  field  suppressed  for  many  minutes,  whereas  I  have  watched  the 
retinal  figures  in  uninterrupted  continuance  for  a  long  time ;  (^)  of  per- 
fect identity  of  form,  which  is  hardly  a  possible  supposition  in  the  case 
of  these  irregular,  volatile,  chemical  phenomena;  (r)  of  sufficiently  sim- 
ilar construction  for  union  by  stereoscoi)ic  vision,  which  also  is  not  the 
case,  as  there  is  no  relief-effect  in  the  picture. 

2.  The  figures  do  not  change  in  position  when  the  eye  is  moved. 
They  are  localized  in  front  and  remain  in  the  same  place,  even  if  the 
eyes  are  directed  to  one  side.  I  find,  however,  that  if  the  eyes  are 
turned  to  a  new  position  and  kept  there,  the  central  figure  (a  spreading 
violet  circle  with  a  phosphorescent  rim)  will  soon  aftenvards  follow  the 
movement ;  there  is  thus  a  tendency  for  this  figure  to  occupy  the  spot  of 
shaq^est  vision. 

3.  The  figures  do  not  change  in  location  when  the  eyes  are  displaced. 
When  the  eyes  are  looking  at  some  definite  object,  e.  g.,  this  page,  a 
pressure  of  the  finger  on  one  of  them  will  cause  the  page  apparently  to 
move.  This  is  true  whether  the  other  eye  is  open  or  closed.  Likewise, 
if  an  after-image  is  obtained,  it  will  move  upon  pressure  of  the  eyeball. 
The  pressure  displaces  the  eyeball  and  changes  the  projection  of  the  re- 


*This  account  was  first  published  in  Science,  1897  N.  S.  VI  13S. 
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tinal  picture.  This  displacement  does  not  occur  with  "retinal  light/* 
I  have  repeatedly  observed  these  figures  and  have  manipulated  the  eye- 
balls ;  I  have  found  that  they  are  not  in  the  slightest  degree  affected  by 
the  manipulations.  In  order  to  avoid  all  possibility  of  errors  of  obser- 
vation, I  have  made  the  experiments  in  a  series  alternately  with  eyes 
open  and  eyes  closed.  With  the  eyes  open  I  observed  a  dimly  illumi- 
nated window;  with  them  closed  I  saw  the  "retinal"  figures.  The 
former  always  followed  the  displacements,  the  latter  never. 

These  obser\'ations  are,  I  believe,  sufficient  to  establish  the  proposition 
(which  I  have  not  seen  elsewhere)  that  the  phenomena  of  vision  usually 
known  as  **  retinal  light  '*  and  **  retinal  figures  "  are  not  originated  in 
the  retina,  but  in  the  brain.  They  should,  therefore,  be  termed  "cere- 
bral light'*  and  "cerebral  figures.** 

The  following  hypothesis  seems  also  justified.  The  cerebral  light  is 
located  in  those  higher  centers  of  the  brain  which  are  connected  with 
visual  memories  and  imaginations.  While  watching  the  cerebral  figures 
I  find  that  my  visual  memories  or  phantastic  figures  appear  in  the  midst 
of  the  cerebral  light  and  frequently  cannot  be  distinguished  from  them. 
The  close  connection  of  these  cerebral  figures  with  the  contents  of 
dreams  has  been  repeatedly  noticed  by  Johannes  Mueller  and  a  series  of 
later  observers.  There  is  also  the  possibility  that  the  hallucinatory 
visions  produced  by  hashish,  mescal  and  other  drugs  may  be  simply  mod- 
ifications of  this  cerebral  light. 


RESEARCHES  ON  MEMORY  FOR  ARM-MOVEMENTS. 

BY 

E.  W.  Scripture,  W.  C.  Cooke  and  C.  M.  Warrex. 

In  the  arm -space  board'  a  wooden  scale  carries  along  its  upper  edg 
a  small  glass  rod.     At  the  zero  point  in  the  middle  there  is  a  fixed  met 
plate.     On  each  side  there  is  a  movable  slide  carrying   an   adjustab 
pointer.     Before   the   experiments  the  pointers  are  pushed  forward 
far  as  possible. 

The  apparatus  is  placed  on  a  table  with  the  scale  away  from  the  subjec 
The  subject,  seated  with  eyes  closed  or  covered,  places  his  forefinge 
against  the  zero-plate,  one  on  each  side. 

The  experimenter  moves  up  the  two  slides  to  the  fingers  till  they  pre 
gently.     The  pointers  strike  the  zero-plate  and  are  pushed  back  auti 
matically.     This  eliminates  the  errors  due  to  the  widths  of  the  linger, 
all  readings  are  to  be  taken  from  the  end  of  the  pointer. 

The  subject  places  himself  directly  in  front  of  the  zero-mark  and  clos 
his  eyes.  The  experimenter  places  the  left-hand  (referring  to  the  sui 
ject)  slide  at  a  certain  distance,  //.  The  right-hand  slide  is  moved  out 
the  way.  The  subject  moves  his  left  fore-finger  evenly  outward  till 
strikes  the  slide,  and  then  returns  it  to  zero.  The  experimenter  quiet 
moves  the  slide  out  of  the  way,  and  after  an  interval  of  /  seconds  tl 
subject  moves  his  finger  again  till  it  seems  to  be  in  the  same  place  as  b 
fore.  The  exi)erinienter  now  moves  the  slide  up  till  it  touches  the  fing« 
and  reads  the  record  at  the  end  of  the  pointer.  The  tenths  of  a  cent 
meter  are  estimated  by  the  eye.  The  result  in  millimeters  is  placed  i 
the  record  blank. 

In  a  set  of  experiments  carried  out  by  Mr.  Cooke  in  1896—97  c 
four  college  students  as  subjects,  the  distances  100""",  300""  and  500' 
were  investigated  for  the  intervals  2*,  10"  and  20*.  The  constant  an 
probable  errors  were  calculated  in  the  following  way.  If  «,,  a^,  "-  ,  t 
are  the  observations  for  given  values  of  /  and  //,  we  have  for  the  avera^ 

,_.'^  +  '^-f  -  +  <^ 
// 

from  which  we  obtain  the  constant  error  C  ~  a  —  //. 


ISCRII^TURK,  Elementary  course  in  psycholo^^iciil  meiuurcmtnts^  Stud.   Yale   Psycl 
Lab.,  1896  IV  97;  Scriiture,  New  Psycholojjy,  187,  London  1S97. 
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^2==^>   ••*» 


For   the  variations,   or   errors,   we  have   v=^a^  —  df,   v^  '■ 
'\x  ~*^n  —  ^  >  ^roTCi  which  we  obtain  the  probable  error  for  a  single  meas- 
urement by  the  shorter  method 


F=o,^ 


^\  I  +  '  ^»  I  +  •"  +  I  g^. 


where  I  v  I  means  that  the  sign  of  v  is  disregarded.  The  results  for  four 
subjects,  A,  B,  C  and  D,  are  given  in  Table  I ;  five  experiments  were 
made  on  each  point. 

Table  I. 
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The  table  seems  to  justify  the  conclusion  that  the  law  according  to 
which  the  constant  error  varies  in  relation  to  the  elapsed  interval,  is  a 
purely  individual  matter,  as  was  first  pointed  out  by  Scripture  (New 
Psychology,  189). 


Fig.  30. 


Fig.  31. 


The  probable  error  also  seems  to  follow  no  general  law,  although  there 
are  more  cases  in  which  it  increases  with  the  increase  in  interval  than  in 
which  it  decreases  or  remains  constant  or  fluctuates. 
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For  comparison  with  these  experiments  on  untrained  obser\'er5  another 
set  was  undertaken  by  Mr.  Warren  in  March,  1898,  in  which  the  sub- 
feet  was  the  laboratory  janitor,  A.  Fisher, 
a  trained  observer^  with  no  interest  in  the 
results.  The  constant  error  was  calculated 
as  before,  but  the  probable  error  was  de- 
rived by  the  more  accurate  formula 


P^l   I  <  +  ^'«'  +  -  +  g-,'- 


The  results  for  the  intervals  1 5*,  30%  45' 
and  60"  and  for  the  two  distances  2oo"'* 
and  300""  are  given  in  Table  II.  The 
first  division  for  200"*"  and  that  for  300"* 
give  the  results  when  the  exp>erinients  were 
made  in  the  following  order  :  1 5*  —  200, 
300,  300,  200  ;  30'  —  200,  300,  300, 
200,  etc.  The  other  experiments  on 
200"*"'  were  made  on  successive  occasions, 
the  distance  being  constant  but  the  in- 
tervals of  time  being  varied  irregularly, 

thus  200"""  —  15,  60,  45,  30,  etc.     The  values  of  the  table  are  expressed 

in  Figures  30,  31  and  32. 


Fig.  32. 
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These  experiments  seem  to  justify  the  conclusion  that  even  for  the  same 
person  the  law  of  the  constant  error  changes  with  the  distance  and  with 
the  method  of  the  experiment.  The  probable  error,  however,  is  quite 
evidently  an  increasing  function  of  the  time-interval :  the  experiments 
are,  however,  not  extensive  enough  to  justify  an  attempt  at  determining 
its  law. 


1  Stud.  Yale  Psych.  Lab.,  1896  IV  24. 
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One  of  the  most  difficult  portions  of  the  work  of  the  experimental 
psychologist  is  the  development  of  the  technical  methods  required  by  the 
science.  One  set  of  these  methods  comprises  those  involved  in  manag- 
ing a  laboratory.  The  followmg  results  of  an  experience  of  four  years 
as  a  student  in  the  laboratories  of  Leipzig  and  Worcester  and  of  six  years 
as  director  of  the  Yale  laboratory  may  be  of  value  to  others.  The  material 
comprises  the  substance  of  what  I  am  accustomed  to  say  on  this  subject 
in  a  few  lectures  of  the  regular  technical  course  for  specialists  in  psychology. 

General  plan. 

Two  distinct  kinds  of  work  fall  upon  the  laboratory ;  they  may  with 
fairness  be  characterized  as  :  i,  college  work  ;  2,  university  work. 

College  work. 

In  a  college  the  aim  is  to  provide  an  outline-knowledge  of  the  subject 
sufficient  for  general  culture.  Research  or  advanced  courses  are  quite 
out  of  the  question. 

In  a  small  college  the  resources  must  necessarily  be  limited.  With  an 
appropriation  of  a  few  hundred  dollars  the  instructor  can  get  along  with 
one  or  two  rooms,  an  equipment  of  tables  and  chairs,  apparatus  for  time- 
records,  sight,  hearing,  etc.  What  can  be  done  on  the  subject  of  the 
senses  at  small  expense  is  shown  in  Sanford's  Course  in  Experimental 
Psychology,  Part  I,  Boston  1898.  However,  it  must  be  borne  in  mind 
that  the  book  covers  only  a  portion  of  the  science  and  it  is  very  im- 
portant that  the  instructer  should  not  give  the  impression  that  this  is 
all  of  psychology.  In  a  laboratory  with  moderate  means  the  mechanical 
skill  and  ingenuity  of  the  instructor  come  especially  into  play.  With  a 
fair  supply  of  tools  the  trained  man  can  give  a  more  interesting  and 
valuable  course  at  a  small  expense  than  an  unskilled  man  with  far 
greater  facilities.  The  frequent  inquiries  concerning  the  amount  requisite 
for  starting  a  college  laboratory  may  be  met  with  the  statement  that  it 
all  depends  on  the  man  employed.  Success  with  only  $300  or  ^500  a 
year  is  possible  for  a  skillful  man  who  has  had  a  thorough  training,  and 
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i\'ho  has  had  experience  as  an  assistant  in  a  larger  laborator}\  With 
$500  at  the  start,  about  S200  should  l)e  put  aside  for  running  exp>enses 
and  for  unforeseen  contingencies.  For  $50  a  good  lathe  and  a  number 
of  small  tools  can  be  obtained.  If  the  electric  current  is  available  in 
the  building,  a  hand-feed  arc  lamp  can  be  imported  for  about  $5,  a  re- 
sistance coil  for  $2.50,  a  i>air  of  condensing  lenses  for  $1.50,  a  simple 
objective  for  $1  ;  the  rest  of  the  lantern  can  be  made  as  indicated  in 
these  Studies,  1896  IV  84.  If  electricity  is  not  available,  a  different 
luminant  may  be  used.  An  English  oil- lantern  need  not  be  ex]>ensive  ; 
an  acetylene  lantern  is  not  excessively  costly  and  is  very  successful ;  an 
oxy-hydrogen  lantern  for  compressed  gases,  though  more  costly,  is  very 
satisfactory',  especially  if  fitted  with  the  Linnemann  burner  for  zircon- 
plates.  The  slides  can  be  made  by  the  instructor  or  by  an  interested 
student ;  a  very  large  number  of  exj^eriments  can  be  performed  with  the 
lantern  instead  of  with  **  demonstration"  apparatus.  For  a  few  dollars 
each  the  following  articles  may  be  obtained  :  color  wheel,  Kolbe's  color 
cylinders,  color  discs,  Bradley's  pseudoptics,  stereoscopes,  stereoscopic 
diagrams,  etc  More  costly  but  necessary  pieces  are  :  recording  drum, 
tuning  fork,  telegraph  keys,  batteries,  etc. 

For  the  larger  colleges  a  more  elaborate  equipment  is  necessary.  Com-* 
parisons  are  constantly  drawn  between  the  various  departments,  and 
merely  as  a  matter  of  self-preser^•ation  the  psychological  laboratory  must 
offer  courses  equal  in  attractiveness  and  value  to  those  of  physics,  chem- 
istry and  biology.  A  lecture-room  with  at  least  a  single  lantern  and  a  satis- 
factory equipment  of  demonstration  apparatus  should  be  provided.  The 
elementary  laboratory  course  should  be  followed  by  a  carefully  planned 
course  in  psychological  measurements.  Part  of  the  course  in  measurements 
given  at  Yale  is  printed  in  these  Studies,  1896  IV  89-139.  The 
appropriation  and  yearly  income  of  the  laboratory  must  be  quite  consider- 
able, if  the  lectures  are  to  be  on  an  imi)ressive  scale  and  the  two  laboratory 
courses  are  to  be  really  valuable. 

University  luork. 

The  university  student  chooses  to  study  psychology  either  because  he 
will  need  it  in  connection  with  philosophy,  pedagogy  or  medicine,  or 
because  he  expects  to  be  a  psychologist  himself.  The  laboratory  should 
furnish  instruction  for  both  classes  of  students. 

In  the  first  place  a  general  lecture -course  should  be  provided  with  full 
demonstrations  of  all  the  most  important  methods  and  results  in  all  the 
fields  of  psychology.  The  apparatus  required  must  necessarily  be  of  a 
distinctly  high  grade.      The   university  student  demands  the  best  in- 
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St  met  ion.  Moreover,  if  the  other  departments,  such  as  physics  can 
show  better,  brighter  and  more  numerous  pieces  of  apparatus  the  students 
are  apt  to  draw  disparaging  conclusions.  The  students  are  no  longer  a 
''class"  to  be  taught ;  they  are  an  **  audience**  that  must  be  led.  When 
a  speaker,  whether  on  account  of  himself  or  on  account  of  meager 
equipment,  loses  the  interest  or  the  respect  of  his  audience,  the  instruc- 
tion ceases  to  be  effective. 

Laboratory  courses,  like  those  already  mentioned,  should  also  be  given. 
For  the  special  students  in  psychology  a  course  of  lectures  on  the  theory  of 
statistics  and  measurements  should  also  be  given  in  connection  with  prac- 
tical exercises  in  the  laboratory.  These  exercises  should  be  most  carefully 
planned  to  show  the  development  of  the  final  methods  of  measurement 
from  the  fundamental  operations.  For  example,  the  subject  of  time  might 
begin  with  timing  and  regulating  a  clock ;  thereupon  would  follow  the  tim- 
ing of  a  tuning  fork,  the  determination  of  the  errors  of  markers,  keys,  etc. 
When  this  has  been  learned  simple  reactions  can  be  measured  under  the 
various  conditions  of  stimulation,  attention,  etc.  Finally,  the  more  com- 
plex processes  are  to  be  recorded.  Similar  methods  could  be  followed 
for  sight,  hearing,  volition,  emotion,  etc. 

The  object  of  the  laboratory  instruction  is  often  misunderstood.  It  is 
not  to  teach  facts  of  psychology ;  these  should  be  treated  in  a  lecture- 
course.  The  objects  are  :  (i)  the  cultivation  of  the  powers  of  introspec- 
tive and  external  observation;  (2)  the  development  of  dexterity  in 
carrying  out  psychological  experiments  and  measurements;  (3)  training 
in  the  computation  and  adjustment  of  measurements.  Students  who  make 
a  specialty  of  psychology  should  also  be  trained  in  the  construction  and 
care  of  apparatus,  in  machine-design,  use  of  tools,  lathe  work,  vise  work, 
etc. 

Another  department  of  university  work  lies  in  research.  The  art  of 
research  is  probably  the  most  difficult  thing  to  teach.  Some  persons  have 
the  notion  that  anybody  can  successfully  undertake  researches  with  no 
preliminary  training.  Research  is  an  art^  as  much  an  art  as  painting  or 
singing.  Any  one  can  daub  paints,  sing  tunes  and  investigate  the  mind, 
but  the  results  differ  from  a  painting  by  Correggio,  a  song  by  Patti,  or 
an  in\  estigation  by  Helmholtz.  The  director  of  a  laboratory  for  research 
must  l)e  a  man  with  an  inborn  tact  at  overcoming  obstacles  of  apparatus 
and  ifi  extricating  himself  from  intricacies  of  method.  He  must  be  a 
man  of  vivid  imagination  ;  just  as  a  painter  must  compose  and  constantly 
modify  the  ideal  picture  in  his  mind's  eye,  so  the  scientist  must  outline, 
in\ent  and  modify  mentally  the  whole  apparatus  and  method  employed 
before  he  begins  the  actual  work.     Just  as  a  painter  must  acquaint  him- 
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self  with  the  minutest  details  of  preparing  and  mixing  paints,  of  per- 
spective, shading,  varnishing,  etc.,  so  must  the  psychological  investi- 
gator have  in  mind  just  as  many  kinds  and  combinations  of  app>aratus, 
manipulations  and  methods  as  he  can  possibly  learn.  This  is  the  ideal 
which  the  special  student  should  always  have  in  mind.  The  young 
investigator  should  go  through  a  preliminary  apprenticeship  in  assisting 
more  advanced  workers,  and  should  prove  himself  a  well  qualified  man 
before  attempting  to  conduct  work. 

Building. 

If  possible  the  laboratory  should  be  situated  in  a  building  back  from 
^e  street,  preferably  in  thei  suburfe.     If  it  is  in  a  building  with  other 
h  departments  it  should  have  the~tOp  floor,  and  the  smaller  rooms  for  ob- 
r\Vi  ^/ser\'ation  should  be  at  the  back.     Just  as  freedom  from  shaking  is  the 
indispensable  condition  for  many  physical  ex[>eriments,  so  freedom  from 
is  the  fundamental  requisite  for  the  successful  prosecution  of  many 
psychological   investigations.      Of  course,  where  only  demonstiational 
work  is  required  such  conditions  are  unattainable  and  unnecessary. 

In  regard  to  the  general  plan  of  a  scientific  building  reference  may  be 
made  to  Durm's  Handbuch  der  Architektur,  IV.  Theil,  6.  Halb-Band, 
2.  Heft:    Gebdudefur  Erziehungy  Wissenschaft  urui  Kunst, 

Lecture-room. 

One  of  the  first  cares  of  the  instructor  will  probably  be  the  lecture- 
room.     Although  one  like  that  to  be  described  will  seldom  be  attainable 
the   main    requirements  are  the  same  for  most  cases  and  they  can  be 
met  in  ways  as  nearly  like  the  ideal  ones  as  possible.     All  seats   in    the 
room  should  command  a  good  view  of  the  experiment  table.        In  a 
small  institution  a  large  table    in  an  ordinary   lecture-room  would   be 
sufficient.     With  large  classes,  however,   the  seats  must  rise  toward  the 
back  ;    the  rise  should  be  about  1 2*^™  at  the  second  row  with  a  regularly 
increasing  rise  for  each  succeeding  row.     If  the  seats   are  arranged   in 
curves,  a  rather  flat  hyperbola  ought  to  be  chosen.     Before  the  windows 
black    shades  or  shutters   for  darkening  should  be  placed.     The  many 
elaborate  arrangements  in  use  are  generally  very  costly ;    recourse  is  gen- 
erally had  to  common  spring  rollers.     For  further  suggestions  see  Wein- 
HOLD*s  Physikalische   Demonstrationen  and  Frick-Lehmann's  Physika- 
lische  Technik. 

The  ceiling  and  walls  of  the  room  should  be  as  white  as  possible. 
The  researches  in  school -hygiene  have  shown  that  dark  colors,  panelings, 
rows  of  blackboards  and  any  other  arrangement  that  lessens  the  diffusion 
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of  light  must  be  most  scrupulously  avoided.^  The  daylight  should 
come  from  the  left  and  back.  Artificial  illumination  should  be  indirect 
or  semi -indirect ;  that  is,  the  light  from  the  luminous  body  should  not 
fall  directly  on  the  books  of  the  students,  but  should  be  diffused  by  being 
first  sent  against  the  ceiling  or  by  passing  through  translucent  globes.* 

The  method  of  completely  indirect  illumination  can  be  perhaps  best 
used  in  the  case  of  an  arc  light.  The  reflector  beneath  the  lamp  hides 
it  completely  from  view  and  sends  the  light  to  the  ceiling,  whence  it  is 
dispersed  around  the  room.  The  ceiling  should  be  newly  whitened  each 
year  ;  a  special  reflector,  however,  may  be  used  above  the  lamp  instead 
of  the  ceiling.  In  the  combined  method  of  illumination  part  of  the 
light  passes  directly  through  a  lower  globe  of  translucent  glass  while 
part  is  reflected  upward.  For  lecture-rooms  the  completely  indirect 
illumination  seems  preferable. 

Other  sources  of  light,  such  as  the  Auer  gas  incandescent  lamp,  the 
electric  incandescent  lamp,  etc.,  may  be  treated  in  like  manner.  Fur- 
ther details  and  literature  may  be  found  in  the  article  by  Bavr.  A  good 
account  of  arc-lighting  is  given  in  a  pamphlet,  Ueber  Bogenlampen  fiir 
zerstreutes  Licht^  published  by  the  manufacturers,  KOrting  &  Mathiesen 
in  Leutzsch,  near  Leipzig. 

A  fundamental  piece  of  apparatus  for  the  lecture-room  is  the  lantern. 
A  general  sketch  of  the  principles  involved  has  been  given  in  these 
Studies,  1896  IV  82-88  ;  further  details  may  be  found  in  Wright's  Op- 
tical Projection. 

Another  fundamental  factor  of  the  lecture-room  is  the  experimenter's 
table.  This  should  be  a  table,  or  rather  a  counter,  about  5  x  0.9  x  0.9 
meters  in  size.  Better  than  one  table  are  two  tables,  each  two  meters  long, 
placed  endwise  with  an  intervening  space  of  about  a  meter  which  can  be 
covered  by  a  hinged  leaf ;  this  allows  very  tall  apparatus  to  be  set  up  on 
the  floor  between  other  apparatus.  The  space  under  the  table  is  utilized 
for  drawers  and  open  closets  where  tools  and  apparatus  of  constant  use 
are  kept. 

The  fundamental  rule  in  regard  to  the  use  of  the  table  is :  never  allow 
any  projection  to  be  fastened  to  the  top.  Nails  must  not  be  driven  in ; 
they  are  sure  to  be  forgotten  and  to  get  in  the  way  at  some  critical  mo- 
ment, gerhaps  to  overturn  or  scratch  some  valuable  piece  of  apparatus. 
All  nails  and  screws  should  be  driven  into  blocks  of  wood  which  are 
fastened  to  the  edge  of  th^  table  by  clamps.     This  rules  applies  to  all 

1  Bl'rnham,  Outlines  of  school  hy^ene^  Fedagog.  Seminaiy,  1892  II  9. 

^Bayr,  Ueber  Belcuchtungsversuche^  etc.^  Zt.  f.  Schulgesundheitspflege,  1898  XI  129. 
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tables  in  the  laboratory  except  when,  after  trial,  it  is  decided  to  set 
some  I  permanent  piece  of  apj^aratus. 

Workshop. 

As  the  i»rogress  of  psychology  dejiends  to  a  great  degree  on  the  way 
which  this  department  is  managed,  money  invested  in  a  proper  equipmc 
of  tools  will  often  bring  better  returns  than  if  si)ent  in  ordering  instrume; 
from  dealers.  In  fitting  up  this  room  we  should  take  into  consideiati 
its  purpose  and  that  l)ecomes  clear  when  we  take  note  of  a  few  fa 
about  api)aratus.  Apparatus  in  use  industrially,  such  as  electric  moto 
telegraph  keys,  batteries,  etc.,  can  be  obtained  readily  and  cheaply 
America.  On  the  contrary,  apparatus  that  is  in  use  only  for  scienti 
puri>oses  can  be  obtaind  here  only  at  cxhorbitant  prices  if  at  all,  a 
owing  to  the  lack  of  trained  workmen  it  is  generally  of  the  poorest  qu 
ity.  All  such  instruments  already  in  use,  e.  g.,  kymographs,  tuning-forl 
time-markers,  etc.,  must  l)e  gotten  directly  from  the  £urop>ean  make 
In  addition  to  these  two  classes  there  is  ai)paratus  for  special  purpK>ses  whi 
must  either  be  ordered  from  instrument  makers  or  made  in  the  laboratc 
workshop.  The  difficulty  and  delay  in  sending  designs  to  Germany 
France  and  the  great  disadvantage  of  not  being  able  to  supervise  the  va 
ous  stages  of  construction  are  readily  apparent.  It  is  highly  desirable 
a  large  laboratory  to  set  up  a  workshop  and  to  provide  a  proper  artis 
to  take  charge  of  it.  The  work  to  be  done  will  be  the  making  of 
special  resear(h-api»aratus,  also  the  rei»airing  and  testing  of  all  instrumei 
received  from  elsewhere.  This  course  is  the  one  followed  by  nearly 
Euroi)can  laboratories  of  physics  and  physiology  ;  the  high  wages  a 
lack  of  skill  of  the  American  mechanic  tend  to  throw  the  psycholog 
more  on  his  own  resources. 

The  size  and  eiiuipment  of  such  a  workshoj)  depend  on  the  characi 
of  the  instructor  and  the  importance  of  the  i»art  played  by  research. 

The  first  necessity  of  the  workshop  is  sufticient  light,  both  by  day  ai 
by  night :  that  is,  there  must  be  sufticient  windows  and  lamps  so  arrang< 
that  there  are  no  deep  shadows  into  which  the  work  in  hand  can  happ< 
to  get.  Nevertheless,  no  very  bright  or  blinding  lights  are  to  be  j^e 
mitted.  The  room  is  preferably  i)laccd  on  the  north  side,  otherwise  tl 
south  windows  must  be  well  provided  with  curtains.  The  lamps  are  m 
to  be  placed  in  the  middle  of  the  room,  but  to  be  sc  altered  over  the  wal 
and  around  the  tables. 

The  most  important  and  essential  arti(  le  in  the  workroom  is  the  worl 
bench,  which  should  be  placed  on  the  lightest  side  of  the  room,  preferabl 
in  the  corner.     It  is  to  be  a  very  strong  table  of  oak,  or  ash,  which 
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fastened  by  braces  built  into  the  wall,  so  that  in  filing,  sawing  and  chisel- 
ing in  the  vise  no  noticeable  shaking  of  the  bench  occurs.  The  size 
should  be  about  2°  x  0.7"";  the  height  should  be  0.75"*  to"  0.80.  The 
regular  mechanic's  height,  0.9™,  is  to  be  reduced  because  this  requires  con- 
tinual standing,  which  is  a  great  hardship  to  persons  of  sedentary  habits, 
such  as  will  necessarily  often  be  at  work  at  the  bench.  The  vise  is 
to  be  placed  at  the  right  front  corner  of  the  table  and,  if  possible,  oppo- 
site the  middle  of  the  window.  A  smaller  vise  may  be  placed  on  the 
left-hand  side  of  the  table.  Next  in  importance  to  the  work-bench  is  the 
lathe.  It  is  to  be  placed  before  the  window  on  the  north  side  of  the  room. 
There  should  also  be  a  grindstone,  with  pulley  in  case  power  is  at  hand. 
In  one  corner  there  may  be  a  forge  beside  which  is  a  heavy  anvil  on  an 
oaken  block.  By  the  eastern  wall  of  the  room  there  should  be  a  carpen- 
ter's bench  unless  a  separate  room  is  to  be  given  over  to  carpenter-work. 
Around  the  walls  are  the  tool  cases.  The  tools  should,  as  far  as  pos- 
sible, be  put  in  straps  or  leaned  up  against  grooved  boards  or  laid  in 
order  on  the  shelves  of  the  cases.  The  cases  and  the  walls  of  the  room 
are  to  be  painted  with  a  light  color  for  sake  of  illumination.  The  floor 
is  to  be  varnished ;  this  protects  it  against  too  rapid  wear,  lightens  the 
cleaning,  and  avoids  the  odors  that  arise  from  the  absorption  of  gases  by 
unvarnished  floors.  A  stone  floor  is  inadmissible.  Further  details  in  re- 
gard to  the  workshop  may  be  found  in  LEHMANN*s'Physikalische  Technik. 

Electrical  connections. 

An  essential  for  first-class  work  in  psychology  is  the  protection  of  the 
person  exi)erimented  upon  from  all  sources  of  disturbance.  This  generally 
involves  the  separation  of  the  experimenter  from  the  one  experimented 
on  and  often  involves  the  use  of  two  or  more  separate  rooms  between 
which  the  only  connection  is  by  means  of  electric  wires. 

I'he  experience  of  telegraphy  and  telephony  has  shown  that  the  proper 
method  of  connection  is  by  means  of  wires  to  a  central  station  from  each 
l)oint  involved.  Wires  should  be  brought  from  each  room  to  a  switch- 
board in  some  convenient  place  where  they  can  be  connected  in  any  way 
desired.  A  switchboard  on  the.  plan  of  a  telephone  switchboard  with 
56  terminals  is  used  at  Yale ;  each  wire  is  joined  to  a  terminal  and 
numbered.  By  means  of  flexible  connectors  any  combination  desired 
can  be  made  and  yet  any  unused  wire  left  untouched.  The  wiring 
should  be  done  strictly  in  accordance  with  the  regulations  of  the  board 
of  underwriters,  a  copy  of  which  can  be  obtained  from  the  nearest  fire 
insurance  office.  It  is  not  advisable  to  use  wire  of  a  diameter  less  than 
2.7'"°'  (No.  12,  American  gauge). 


loo  E.    Jr.  Scripture^ 

Collection  of  apparatus. 

On  account  of  moisture  and  dust  the  apparatus  should  not  be  kept  i 
rooms  frequently  used.  It  is  best  to  devote  a  special  room  to  this  pu 
j)Ose.  The  floor  should  be  of  wood  and  the  cleaning  should  be  dor 
with  a  moist  cloth.  The  cases  for  holding  the  instruments  are  to  t 
furnished  with  glass  doors  which  should  be  kept  tightly  closed.  Eac 
piece  of  apparatus  should  have  a  name  or  a  number  and  a  specified  plac 
in  the  case  or  cases ;  small  gummed  labels  or  jeweller's  tags  are  useful  f( 
this  purpose.  Small  cards  with  the  names  of  the  pieces  are  fastened  o 
the  shelves  of  the  cases  by  card-pins. 

Each  piece  of  apparatus  should  be  entered  under  its  name  in  the  ii 
ventory  and  the  apparatus  book.  The  latter  should  contain  for  each  piec 
a  complete  record  of  its  purchase,  its  use,  Its  constants,  where  it  is  to  be  sei 
for  repair,  where  to  obtain  parts,  where  to  find  literature  on  its  use,  eti 
For  this  purpose  a  regular  letter  file  can  be  used  ;  all  the  data — ^bill 
printed  descriptions,  etc.— can  be  filed  with  the  rest  of  the  account. 

Isolated  room. 

To  obtain  the  quiet  necessary  for  most  i)sychological  investigations  a 
isolated  room  may  be  provided,  where  the  person  experimented  ujx) 
can  be  kept  indefinitely  in  perfect  external  darkness  and  quiet.  A  d€ 
scription  of  the  Yale  room  and  suggestions  for  improvement  may  b 
found  in  these  Studies,  1893  I  271,  1S96  IV  16,  and  in  Scripture' 
New  Psychology,  136,  London  1897. 

0th KR    ROOMS. 

The  other  rooms  will  vary  so  much  in  arrangement  with  the  construe 
tion  of  the  laboratory  that  little  can  be  said  definitely.     I  would  suggest 
I.  an  optical  room  with  black  walls,  heliostat  window  and  photonietei 
arrangements;    2.   a  time  room  with  clock,  chronograph,  chronoscope 
and  other  equipment ;  3.  a  photograi)hic  room. 

SeLKCTIOX    of    AITARATUS. 

Let  us  suppose  that  the  apjjropriation  has  been  ol.>tained  and  that  the 
director  has,  after  carefully  j^lanning  an  ideal  lal)oratory,  made  up  his 
mind  to  adjust  himself  to  the  actual  situation.  The  next  thing  to 
do  is  to  select  apparatus.  For  this  purpose  he  should  obtain  catalogues 
from  the  chief  makers  and  also  lists  of  the  ai)paratus  possessed  by  other 
laboratories.  The  catalogues  should  l)e  carefully  studied.  The  di- 
rector must  at  any  time  know  just  where  to  obtain  each  j>ie(  e  at  the  low- 
est price  for  the  best  quality.     For  example,  electrical  tuning-forks  will 
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be  described  and  illustrated  in  15  or  20  catalogues,  whereas  there  are  not 
more  than  two  places  from  which  they  can  be  bought  to  the  best  ad- 
vantage. The  list  of  needed  apparatus  is  finally  made  out ;  when  added 
up,  it  will  be  found  to  be  four  or  five  times  the  entire  appropriation. 
A  process  of  selection  must  now  be  instituted.  I  venture  to  proi)Ose  a 
rule,  almost  self-evidently  proper,  yet  often  neglected :  select  those  pieces 
that  for  each  dollar  of  cost  will  bring  a  maximum  return  in  time  of  use 
and  in  results  obtained.  For  example,  let  us  suppose  it  necessary  to 
choose  between  the  Ellis  harmonical  ($65),  a  color-apparatus  for  ex- 
centric  parts  of  the  retina  ($15),  and  a  kymograph  ($175). 

It  would  hardly  be  justifiable  to  occupy  more  than  half  an  hour  of  a 
lecture-course  in  experiments  for  which  the  harmonical  can  be  used.  Let 
us  suppose  that  the  class  includes  forty  persons.  The  time-value  of  the 
harmonical  can  then  be  said  to  be  J^  x  40  =  20  efficient  hours  per  year. 
Let  the  deterioration  and  interest  on  investment  on  all  the  instruments  be 
placed  at  10%  per  year.  The  cost  of  the  harmonical  is  thus  $6.50  for  20 
hours,  or  about  $0.33  per  hour  per  student.  The  color  apparatus  would 
be  used  for  about  the  same  time,  giving  a  cost  of  $0.08  per  hour  per  student. 
The  kymograph  is,  as  we  all  know,  in  constant  demand ;  in  a  busy  lab- 
oratory where  research  is  going  on  it  will  probably  be  used  not  less  than  2 
hours  per  day  for  35  weeks  of  the  academical  year,  or  over  400  hours  for 
research.  For  lectures  on  time,  memory,  motion,  etc.,  it  will  be  used  for 
a  total  of,  say,  5  hours  per  year  for  40  persons,  or  200  hours  more. 
This  makes  600  hours  per  year  for  $1 7. 50  or  about  $0.03  per  hour.  Thus 
the  kymograph  is  ten  times  as  profitable  as  the  harmonical,  and  nearly 
three  times  as  profitable  as  the  color  apparatus. 

This  method  can  be  applied  to  every  piece  of  apparatus,  every  tool, 
every  piece  of  furniture,  etc.,  yielding  a  definite  answer  in  each  case. 
The  trouble,  of  course,  lies  in  estimating  beforehand  the  amount  of  use 
to  which  an  instrument  will  be  put.  The  success  with  which  this  is 
done  is  what  is  known  in  the  commercial  world  as  '*  business  sagacity," 
^^  business  tact  and  experience,**  etc. 

Perhaps  in  this  connection  it  may  be  desirable  to  state  the  results  of 
experience  at  the  Yale  laboratory  with  a  few  of  the  more  important  parts 
of  the  equipment.  One  of  the  most  profitable  parts  is  the  lantern  equip- 
ment, representing  an  investment  of  about  J400,  and  used  on  about  60 
oc(  asions  per  year  for  periods  of  10  to  30  minutes  for  classes  of  60  to  130 
students.  Fully  as  profitable  is  the  lathe  equipment  ($xoo)  with  motor 
(Si 50),  shafting,  belting,  grindstone  and  the  various  accessories.  The 
circular  saw  is  also  of  creditable  efficiency.  The  extensive  equipment  of 
small  tools  and  supplies  of  all  sorts  is  of  special  value  where  apparatus  is 
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made.  The  total  workshop  equipment  is  worth  about  $400  exclusive  oi 
the  constantly  replenished  supplies ;  it  is  in  use  eight  hours  a  day  by  the 
mechanic  and  a[)proximately  four  hours  a  day  by  workers  in  the  labora- 
tory. When  we  coasider  that  much  of  our  best  research  work  and  many 
of  our  demonstrations  would  be  impossible  without  the  aid  of  the  work- 
shop, we  are  forced  to  conclude  that  this  eijuipment  is  very  profitable  in 
spite  of  the  large  exi>ense  for  wages  and  materials.  Moreover,  in  a  new 
science  where  new  pieces  of  apparatus  are  required  for  every  important 
advance,  the  cheapest  way  of  getting  such  apparatus  is  by  making  it  in 
the  laboratory.  In  regard  to  api)aratus  such  high  returns  for  investments 
are  not  to  be  expected  ;  our  most  profitable  pieces  have  been  the  record- 
ing drum  for  hand  or  motor,  100  v.  d.  electric  fork,  spark  coil,  multiple 
key,  chronos<:ope,  kymograph,  piston  recorder,  etc.  Apparatus  used  foi 
research  should  be  judged  by  the  value  of  the  results  obtained. 

In  business  there  are  losses  as  well  as  profits  ;  in  managing  a  laboratory 
we  cannot  always  make  the  most  judicious  selections.  Nevertheless,  by 
applying  these  principles  of  laboratory  economy  we  can  make  the  money 
invested  bring  much  larger  returns  than  by  spending  it  hap-hazard.  The 
difference  between  an  economically  managed  business  and  a  loosely 
managed  one  is  the  difference  between  success  and  failure.  Labora- 
tory economy  does  not,  after  all,  differ  fundamentally  from  business 
economy.  High  grade  efficiency  cannot  be  attained  anywhere  unless  the 
man  at  the  head  knows  his  business  down  to  the  minutest  details.  The 
best  laboratory  is  not  the  one  on  which  most  money  has  been  expended, 
but  is  the  one  that  yields  the  largest  net  result  in  scientific  research  and 
in  instruction  for  each  dollar  expended. 

Economy  in  investigation. 

In  a  large  laboratory  with  many  investigations  going  on,  it  becomes  a 
very  difficult  task    to  adjust  matters   econoini*  ally.      Each    investigator 
thinks  only  of  his  own  needs  and  is  generally  oblivious  to  the  fact   that 
when  a  piece  of  apparatus  is  monopolized  by  him  it  is  lost  to  every  one 
else.     He  is  likely,  for  example,  to  set  up  the  kymograph  in  such  a  way 
that  no  one  else  can  use  it,  whereas  with  just  the  same  labor  it  might  be 
arranged  for  every  one.     He  should  be  taught  to  choose  and  arrange  his 
apparatus  so  as  to  produce  a  minimum  -disturbance.     Suppose  that  he 
wishes  to  produce  a  click  for  a  warning-signal  and  that   there  are  two 
sounders  and  only  one  relay  in  the  apparatus  case.    The  relay  is  generally 
the   easiest   to   adjust :    by  taking  it,  however,  he   wouM  get  no  better 
sound  and  would  render  it  impossible  for  any  else  to  use  relay  currents. 
The  investigator  should  learn  to  use  the  cheapest  materials  at  hand.      If 
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for  example,  he  wishes  to  conduct  a  telephone-current,  he  should  ^ot 
follow  his  first  impulse  to  use  very  large,  silk-covered,  expensive  flexible 
cords  made  for  incandescent  lamps,  but  should  content  himself  with  com- 
mon office  wire. 

Still  more  important  is  it  for  the  student  to  learn  how  to  plan  and 
execute  his  researches.  The  ignorant  method  of  piling  up  indiscriminate 
measurements  in  large  quantities  leads  to  nothing.  The  problem  for  in- 
vestigation should  be  first  definitely  stated.  As  soon  as  the  work  is  suffi- 
ciently advanced  to  involve  measurements,  the  investigator  should  make 
clear  to  himself  whether  the  work  is  to  consist  in  a  determination  of  a 
single  quantity  or  in  a  full  investigation.  In  the  former  case  he  must, 
before  making  his  final  measurements,  examine  and  consider  all  possible 
sources  of  error,  and  should  carefully  estimate  and  adjust  them  so  as  to 
obtain  the  required  degree  of  accuracy.  The  instructions  for  this  work 
and  for  carrying  out  the  measurements  are  to  be  found  in  Weinstein's 
Physikalische  Maassbestimmungen,  Berlin  1886,  Volume  I.,  to  page  282, 
omitting  certain  parts  that  refer  to  full  investigations.  In  the  case  of  a 
full  investigation,  where  the  object  is  the  determination  of  a  function  ex- 
pressing the  dependence  of  one  quantity  on  other  quantities,  the  work 
becomes  much  more  complicated.  The  student  should  be  familiar  with 
the  whole  first  volume  of  Weinstein.  This  work  by  Weinstein  is 
rather  voluminous  and  it  contains  no  psychological  examples ;  it  is  to  be 
hoped  that  a  smaller  work  on  the  subject  will  be  written  specially  for  the 
use  of  psychologists,  economists  and  biologists. 

Any  attempt  to  carry  out  serious  investigations  without  a  knowledge 
of  the  principles  involved  results  in  a  wasteful  piling  up  of  figures  with- 
out any  adequate  return  in  the  way  of  laws  or  facts  established.  Such 
an  extravagant  procedure  has  become  impossible  in  sciences  like  physics; 
it  must  soon  become  so  in  experimental  psychology.  , 

The  proper  understanding  of  methods  of  measurement  and  investigation 
requires  a  familiarity  with  at  least  the  elements  of  analytical  geometry  and 
calculus.  The  student  can  get  along  with  what  is  contained  in  Nernst- 
Sc  H()ENFLiES*s  Einfiihrung  in  die  mathematische  Behandlung  der  Natur- 
wissenschaften,  or,  in  regard  to  calculus,  with  Fisher's  Infinitesimal  Calcu- 
lus, although  a  more  extended  study  like  that  involved  in  working  through 
such  familiar  books  as  Stegemann-Kiepert's  Differential-  und  Integral- 
rechnung  or  Schloemilch's  Compendium  der  Analysis  with  the  examples 
given  by  Fuhrmann",  Naturwissenschaftliche  Anwendung  der  Differential- 
und  Integralrechnung,  is  highly  desirable.  Without  at  least  an  ele- 
mentary acquaintance  with  calculus  and  a  familiar  working  knowledge  of 
the  science  of  measurements  higher  scientific  work  will  remain  unintel- 
ligible and  inaccessible  to  the  student  of  experimental  psychology. 


NOTES. 

In  reply  to  requests  for  the  colors  of  the  glasses  employed  in  the  color- 
sight  tester  described  in  these  Studies,  1895  III  103,  the  following  com- 
plete list  is  given:     (i)  dark  gray;     (2)  ground  glass;     (3)  medium 
gray;     (-^)red;    {B)  ground  glass;    (C)  blue;    (Z>)  green;     (5) 
green  ;  (  jF)  brownish  yellow  ;   (  G)  ground  glass ;   (Z^)  gray  glass  ;    (/) 
green  ;  (y )  bluish  green ;  (^K)  red  ;  (Z)  violet.     This  arrangement  is 
made  for  reasons  that  will  become  evident  to  the  users  of  the    tester. 
When  the  test  is  being  made,  the  subject  should  be  made  to  promptly  call 
off  the  colors  in  the  order  i,  2,  3.     The  dichromats  of  the  first-class 
(Seebeck),  or  the  so-called  green-blind,  make  mistakes  on  light  green 
and  dark  red  ;  those  of  the  second  class,  or  the  red  blind,  make  mistakes 
on  the  light  red  and  dark  green.     Both  classes  almost  invariably  call  the 
violet  "blue.**     Plain  dark  grays  will  be  frequently  called  green  by  the 
first  class,  and  red  by  the  second.     These  results  hold  good  for  the  color- 
weak  of  both  classes,  provided  the  instrument   is  used   in  a  properly 
moderate  light,  for  example,  not  in  sunlight. 

In  order  to  advance  psychological  work  at  this  period  when  good 
special  instruments  are  hardly  obtainable,  the  Director  of  the  Yale 
Laboratory  offers  to  furnish  to  experimental  psychologists — as  far  as 
may  be  practicable — blue-prints  of  the  working-drawings  of  any  of  the 
special  Yale  pieces.  A  nominal  charge  of  ten  cents  each  will  be  made  to 
cover  the  cost  of  paper  and  mailing.  The  instruments  can  be  made  from 
these  drawings  by  any  laboratory  possessing  a  mechanic.  These  drawings 
will  not  be  supplied  to  apparatus -makers  or  other  persons  than  psycholo- 
gists except  in  special  cases. 

The  following  changes  and  corrections  are  to  be  made  in  the  Elementary 
course  in  psychological  measurements  published  in  these  Studies,  1897 
IV. 

Page  89,  in  line  9  from  bottom  read  **  for  about  two  or  three  hours 
each. '  * 

Page  102,  the  formulas  in  the  middle  of  page  should  read 

2  2 

Page  122,  in  lines  3  and  7  from  top,  and  in  line  marked  2?,  read 
"Ex.  IX. "  instead  of  Ex.  VI. 

104 
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Page  122,  lines  8  und  9  from  top  should  read  :  "The  ^A  current  is 
sent  through  the  break  contact  of  the  key  and  the  spark  coil  in  the  way 
explained  in  Ex.  IX  ;  the  condenser  is  connected  around  the  key  as 
usual." 

Page  122,  in  the  line  marked  G  insert  y'^ after  the  word  "sounder." 
Page  123,  in  the  last  line  of  the  specimen  record  the  decimal  point 
has  been  omitted  in  two  cases;  they  should  read  — 4.6  and  —  8. 7  instead  of 
—  46  and  —  87  respectively. 

Page  129,  the  last  lines  of  paragraph/  should  read  "Place  the  second 
contact  at  80°,  then  at  120°  and  then  at  160°  ;  draw  zero-lines  as  before." 
Page  138,  in  line  8  from  the  bottom  change  J^  meter  to  "  i  meter." 
Page  139,  in  line  21  change  j^w  and  j^«  to  "  1/2;;/  "  and  "  1/2//." 
Page  139,  in  line  16  change  2;//  and  2«  to  "  1/2;;/"  and  "  1/2;/." 
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lines  and  outlines  of  the  squares  and  the  color  of  the  background  remain 
quite  distinct  and  sharp. 

Further  experiments  have  been  devised  to  investigate  this  illusion. 
Although  no  final  conclusion  has  been  as  yet  established,  enough  has  been 
done  to  show  that  the  phenomenon  is  more  complicated  than  was  at  first 
supposed.     A  brief  description  of  these  experiments  will  now  follow. 

In  the  first  place,  within  certain  limits,  not  as  yet  fixed,  changes  in  the 
size  of  the  usual  objects  with  which  the  experiment  is  conducted  do 
not  essentially  alter  the  result.  For  example,  if  the  diagram  in  FiCK 
be  looked  at  through  a  concave  lens  the  diminished  letter  E  will  behave 
in  the  same  way  ;  although  with  me  it  is  more  difl^cult  to  get  the  illusion, 
because,  as  I  think,  both  of  the  increased  clearness  of  the  images  and  also  of 
the  increased  tension  of  the  attention  and  the  eyes'  adjustment.  On  the 
other  hand,  as  all  our  experiments  show,  much  larger  objects,  when 
viewed  from  a  sufficient  distance  behave  in  the  same  way.  The  exact 
limits  of  size  of  the  retinal  images  within  which  this  phenomenon  is  pos- 
sible have  not  been  calculated,  but  considerable  variation  in  size  is 
known  not  to  be  incompatible  with  its  occurrence. 

If,  now,  in  order  to  test  the  importance  of  the  white  lines  which  divide, 
in  the  Fick  diagram,  both  background  (or  **  sul  stituting  *'  color)  and 
letter  (or  **  disappearing  '*  color)  into  squares,  we  have  a  strip  composed 
of  red  squares  divided  by  white  lines  against  an  undivided  background  of 
lighter  or  darker  green,  we  get  the  following  result :  the  red  turns  dark 
green  or  black  ;  the  white  lines  remain  ;  and  the  squares  of  red  be- 
come patches  of  blackish  color  separated  by  white  outlines  on  an  un- 
changed color-background.  If  the  background  be  changed  from  green 
to  violet  or  blue  the  results  are  substantially  the  same.  But  the  same 
change  in  color  takes  place  with  a  solid  red  letter  on  a  background  of 
various  colors  ;  and  with  a  strip  of  red  or  orange,  not  limited  in  any  way 
by  white  outlines,  on  variously  colored  backgrounds.  Indeed,  in  a  num- 
ber of  instances,  as  I  shall  soon  say,  the  background  substitutes  its  color 
and  the  illusion  takes  place  almost  or  quite  equally  well  without  either 
being  itself  divided  or  having  the  disappearing  color  divided  into  squares. 
The  illusion,  then,  is  not  dependent  upon  the  lines  that  divide  the  dia- 
gram into  squares,  although  such  a  division  seems  to  have  some  influence 
on  the  speed  and  completeness  of  the  result. 

A  series  of  experiments  was  then  devised  by  Dr.  Scripture  to  test  the 
effects  of  varying  the  color  of  the  background,  or  substituting  color, 
while  retaining  the  same  red  as  the  disappearing  color,  without,  how- 
ever, dividing  either  background  or  strip  into  squares. 

A  complete  set  of  the  Milton  Bradley  colored  papers  was  obtained ; 
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in  the  following  experiments  the  colors  will  be  designated  according  to 
the  system  adopted  by  the  manufacturers.  Sheets  20*""  by  30*"°  were  cut 
out  for  backgrounds  ;  small  strips  i*"™  by  20"™  were  cut  ready  to  lay  on 
the  backgrounds.  In  making  the  experiment  a  background  of  a  desired 
color  was  fastened  to  a  board  by  tacks  and  a  strip  was  fixed  on  it  by  a 
pin  ;  the  whole  was  then  observed  at  a  distance  of  about  3".  It  after- 
wards appeared  that  the  most  convenient  method  of  preparing  these 
figures  was  to  place  several  strips  of  different  colors  on  a  given  back- 
ground ;  such  a  figure  with  two  strips  and  a  white  fixation  point  is  shown 
in  the  colored  plate. 

The  results  with  Dr.  Scripture  and  myself  differed  somewhat ;  but  the 
interesting  thing  about  these  differences  seems  to  be  that  they  remained 
fairly  constant  of  the  same  order.  That  is  to  say,  where  I  got  the  illu- 
sion of  substitution  without  great  difficulty,  my  colleague  got  it  more 
readily  ;  and  when  I  got  it  not  at  all,  he  could  obtain  it  only  with  increased 
difficulty,  or  in  certain  cases  (at  least  on  the  earlier  trials)  not  at  all. 
This  suggests  that  the  detailed  differences  were  due  to  a  constant  factor 
of  difference  in  the  two  observers. 

The  results  obtained  by  viewing  a  standard  red  strip  at  a  convenient 
distance,  and  with  the  proper  fixation  of  the  eye,  while  the  color  of  the 
background  is  changed,  may  be  divided  into  two  general  classes.  With 
certain  backgrounds  the  illusion  of  disappearance  and  substitution  takes 
place  with  no  great  difficulty  but  with  surprising  ease  and  suddenness, 
after  a  little  practice  has  given  the  requisite  knowledge  of  how  to  experi- 
ment. With  certain  other  backgrounds  the  substitution  takes  place  only 
with  increased  difficulty  or  not  at  all,  with  me  as  a  rule  not  at  all.  To 
the  first  class  of  backgrounds  belong  the  two  greens  used,  namely,  stan- 
dard green  and  bluish-green,  violet,  blue  and  black.  To  the  second  class 
belong  the  backgrounds,  yellow,  orange,  light  gray,  white,  light  blue, 
light  green  and  a  light  reddish  violet.  That  is  to  say,  this  standard  red 
strip,  if  viewed  with  a  proper  amount  and  kind  of  fixation  on  a  back- 
ground of  two  kinds  of  green,  or  of  dark  violet,  dark  blue,  or  black,  will 
itself  darken,  disappear,  and  be  placed  for  a  longer  or  shorter  interval 
by  the  color  of  the  background.  But  the  same  strip,  if  placed  upon  a 
background  of  yellow,  orange,  gray,  white,  or  light  blue,  light  green, 
light  violet,  will  maintain  its  place,  although  growing  darker ;  or  if  it 
disap])ears  at  all,  does  so  with  great  difficulty  and  only  for  an  instant. 
As  I  have  already  said,  I  could  not  myself  get  the  illusion  in  these  cases 
at  all. 

Suppose  now  that  a  strip  of  orange  be  viewed  upon  the  same  back- 
grounds as  in  the  foregoing  experiments,  then  somewhat  similar  phenom- 
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ena  result,  but  with  interesting  differences.     With  the  backgrounds  of 
green,  dark  violet,  dark  blue  or  black  I  get  the  illusion ;  but  only  by 
persistent  trying,  and  for  a  briefest  instant  of  time.     On  the  backgrounds 
of  yellow,  gray,  white,  light  blue,  light  green,  violet  of  tint  No.  i   Dr. 
Scripture  obtains  the  illusion  only  with  great  difficulty,  if  at  all,  and  then 
for  a  brief  instant  of  time.     But  on  the  other  class  of  backgrounds  the 
illusion  is  rather  more  easily  obtained  by  him  with  the  orange  than  with 
the  red  strip.     With  me,  however,  on  both  classes  of  backgrounds,  the 
red  strip   and   the   orange   strip   behave   in   markedly   different   ways. 
Whereas,  in  the  case  of  the  red  strip  the  color  darkens — and  this  whether 
substitution  ultimately  takes  place  or  not,  and  whatever  the  color  of  the 
background — in  the  case  of  the  orange  strip,  the  color  grows  lighter,  the 
color  of  the  background  seems  to  encroach  from  both  sides  on  the  color 
of  the  strip,  until  (where — as  in  all  cases  of  the  second  class  of  back- 
grounds— the  illusion  does  not  become  perfect)  the  orange  strip  becomes 
a  narrow  line  of  sunlight  on  a  unicolored  background. 

If  now  the  orange  and  the  red  strips  be  hung  not  far  apart  on  the  same 
background  of  color,  each  of  them  behaves,  for  both  observers,  in  the 
same  way  as  when  viewed  apart  on  a  similarly  colored  background.  And 
if  orange  and  red  strips  be  placed  side  by  side,  with  one  half  over  a  back- 
ground of  the  first  class  (see  the  colored  plate)  and  the  other  half  over  a 
background  of  the  second  class,  each  half  of  each  strip  will  seem  to  follow, 
for  each  observer,  the  course  similar  to  that  already  described  in  the 
separate  experiments. 

This  color  phenomenon  is  probably  a  general  one.  It  was  observed  by 
most  persons  at  a  meeting  of  the  American  Psychological  Association  at 
which  these  figures  were  exhibited.  It  was  quite  evident  at  the  first  trial  to 
a  girl  fourteen  years  of  age  who  was  asked  to  observe  the  strips.  I  am  not 
yet  able  to  satisfy  myself  as  to  the  most  probabl^explanation  of  this  some- 
what startling  color  illusion.  In  the  well-known  case  of  a  dark  spot  on  a 
colored  background  Blix  ^  has  suggested  that  with  long  fixation  the  retina 
becomes  less  sensitive  on  the  parts  on  which  the  colored  rays  fall,  and 
more  sensitive  on  the  part  corresponding  to  the  dark  spot,  and  that  this 
latter  portion,  being  sensitive  to  the  colored  light  arriving  after  general 
dispersion  in  the  eye,  finally  gives  as  intense  a  color  sensation  as  the  other 
portion.  Any  one,  however,  who  has  seen  the  red  stripe  suddenly  turn 
to  a  bright  green  knows  that  the  intensity  of  the  green  is  far  beyond  any 
light  that  might  arrive  through  dispersion. 

Dr.  Scri])ture  has  suggested  that  the  fatigue  of  the  eye  for  the  color  of 

^  Blix,  Ucber glcichfarbige  Induktion^  Skand.  Arch.  f.  Physiol.,  1893  V  13  (reviewed 
in  Zt.  Psych.  Phys.  Sinn.,  1894  VII  411). 
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the  disappearing  strip  or  letter  creates  a  temporary  blind-spot  or  succession 
of  blind-spots,  which  is  then  filled  in  by  the  color  of  the  background 
as  the  permanent  blind-spot  of  the  eye  is  constantly  filled  in  by  the  sur- 
rounding colors  in  all  our  normal  visibn.  This  suggestion  explains  some  of 
the  phenomena  which  I  have  been  describing.  It  explains  the  depen- 
dence of  the  result  on  the  character  of  the  fixation,  the  customary  pre- 
liminary darkening  of  the  disappearing  color,  and  the  character  of  the 
substitute  color,  when  substitution  takes  place.  But  I  am  not  able 
to  reconcile  this  suggestion  with  the  fact  that  the  illusion  takes  place 
only  with  such  great  difficulty,  or  not  at  all,  when  the  disappearing 
color  is  dark  and  the  background  is  light.  Would  not  one  expect  rather 
the  opposite  result,  namely,  that  the  darker  background  would  more 
speedily  and  completely  fill  in  the  eye  fatigued  by  the  lighter  color. 
Moreover,  I  cannot  see  Why  the  orange  strip  under  the  principle  of 
fatigue,  should  grow  brighter  and  of  a  lighter  shade,  as  it  certainly 
does  for  my  eye  ;  and,  in  fine,  why  in  the  case  of  the  second  class  of  back- 
grounds, I  am  quite  unable  to  fatigue  my  eye  for  either  orange  or  red  so 
as  to  obtain  the  illusion  by  substitution  of  the  color  of  these  backgrounds. 
Finally,  as  far  as  I  can  determine  in  my  own  case,  and  by  questioning 
several  others  with  whom  the  experiment  has  been  tried,  the  ilhision  is 
•somehow  dependent  upon  the  rhythm  of  attention,  and,  in  a  limited  way, 
it  is  under  the  control  of  will  exerted  through  some  obscure  modification 
of  the  point  and  manner  of  regard.  But  whatever  the  prima  facie  ex- 
l)lanations  may  be,  the  illusion  seems  to  me  unusually  interesting  and 
complicated,  and  in  its  suggest iveness  quite  worthy  of  further  investi- 
gation. 
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I.  Historical. 

The  term  "  cross -education ' '  has  been  used*  to  express  the  fact  that 
the  effects  of  practice  on  one  side  of  the  body  are  transferred  to  the  un- 
practiced  side.  The  fact  seems  to  have  been  first  recorded  by  H.  F. 
Weber.  In  a  communication  to  .Fechner,*  he  reports  an  observation 
made  on  his  son.  The  boy  had  been  taught  to  write  entirely  in  one  sys- 
tem of  penmanship,  a  system  that  employs  a  free -arm  muscular  movement. 
At  the  age  of  thirteen  he  was  able  to  write  reversely  with  the  left  hand 
— in  so-called  mirror-writing — without  having  practiced  such  writing  in ' 
the  least,  although  the  letters  were  not  so  regularly  made  as  those  made 
with  the  right  hand.  The  reverse  writing,  when  viewed  in  a  mirror,  or 
when  looked  at  through  the  paper  as  it  was  held  to  the  light,  appeared 
very  similar  to  the  boy's  ordinary  hand-writing.  Hence  Weber  con- 
cluded that  by  the  training  of  the  right  hand  in  certain  methods  of  pen- 
manship the  left  hand  is  also  trained,  unconsciously,  to  perform  sym- 
metrical movements.  He  noticed  also  that  others  trained  by  different 
methods,  or  by  several  methods,  failed  in  the  test. 

Fechner  reached  a  similar  conclusion  from  an  experience  of  his  own. 
In  the  course  of  a  series  of  observations  in  which  he  wrote  the  figure  p 
many  times,  left-handed,  he  noticed  that  when  he  took  the  pen  in  his 
right  hand,  he  would  unconsciously  write  the  figure  reversed  with  a  move- 
ment that  was  symmetrical  to  that  made  with  the  left  hand.  A  certain 
method  of  writing  had  become  so  **  impressed  upon  his  mind'*  that  it 
became  natural  to  write  reversely  with  the  hand  not  used. 


1  Scripture,  Smith  and  Brown,  On  the  education  of  vtuscular  control  and  power ^ 
Stud.  Yale  Psych.  Lab.,  1894  II  1 15. 

^Feciinkr,  Beobachtungcny  luelche  zu  beweisen  schcinen^  dass  durch  die  Uebiing  der 
Glieder  der  einen  Seite  die  der  andern  zugleich  mitgeiibt  xverden^  Ber.  d.  kgl.-sach.  Gcs. 
d.  Wiss.,  math.-phys.  CI.,  1 758  X  70. 
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The  experiments  of  Volkmann,*  on  the  influence  of  practice  upon  the 
power  for  perceiving  small  distances,  have  a  bearing  on  cross-education. 
By  touching  a  Weber's  compass  to  the  skin  on  various  parts  of  the  body, 
he  obtained  records  of  the  ability  of  the  several  members  to  distinguish 
the  two  points  of  the  compass  at  the  smallest  perceptible  spread.  For 
example,  the  left  arm  on  the  dorsal  side  could  distinguish  the  two  points 
at  10.5  Parisian  lines  (23.6°"°);  the  right  arm  at  11. 5  lines  (26.4'""). 
At  the  end  of  the  practice  which  was  continued  for  several  weeks  with 
the  left  arm  alone,  the  records  were :  left,  5  lines  (11.2""),  right,  7  lines 
(15- 7°"")-  While  the  acuteness  of  sense  on  the  left  side  was  increased 
through  local  practice,  it  was  also  increased  on  the  right  side  in  portions 
symmetrical  with  the  parts  practiced. 

To  determine  whether  other  than  symmetrical  parts  are  thus  trained, 
VoLKMANN  tested  the  points  of  the  fingers  of  both  hands  and  also  the 
left  arm.  By  practice  of  one  of  the  fingers  of  the  left  hand,  he  found 
an  increase  in  ability  in  all  the  fingers,  but  none  in  the  arm.  That  is,  in 
the  education  of  certain  parts,  those  parts  symmetrical  and  closely  re- 
lated are  educated  also. 

More  recently  Scripture  "^  has  made  some  experiments  in  muscular 
control  and  muscular  power  which  prove  quite  definitely  that  practice  of 
one  arm  in  steadiness  and  strength  reacts  on  the  other  arm  as  well.  Dr. 
W.  G.  Anderson,  Associate  Director  of  the  Yale  Gymnasium,  experi- 
menting with  the  spring  dynamometer,  has  reached  practically  the  same 
conclusion.  Bryan,'  in  testing  the  tapping  ability  of  children  of  dif- 
ferent ages,  concludes  that  the  right  hand  does  not  outgrow  the  left,  but 
that,  at  certain  ages,  the  left  even  gains  on  the  right. 

The  following  experiments  were  carried  on,  during  the  academical 
year  of  1898-99,  for  the  purpose  of  establishing  more  definitely  the  fact 
of  cross-education  or  transference  of  practice  and,  if  possible,  of  finding 
the  causes  of  such  transference. 

II.    Rapidity  of  voluntary  effort. 

The  present  investigation  was  begun  by  experiments  in  the  rapidity  of 
tapping  on  a  telegraph  key.  The  movement  in  tapping  involved  only  a 
small  amount  of  muscular  strength.     The  weight  of  the  finger  was  sufficient 

»  Vol. KM  ANN,  Ueber  den  Einfltiss  der  Uibung  auf  das  Erkentun  raumlicher  Distanun^ 
I3er.  (1.  kgl.-siichs.  Ges.  d.  Wiss.,  math.-phys.  CI.,  1 858  X  38. 

2SCRI1TURE,  Smith  and  Brown,  On  the  education  of  muscular  control  and  power y 
Slud.  Vale  Psych.  Lab.,  1884  II  II4. 

3  Hryan,  On  the  development  of  voluntary  motor  ability^  Amer.  Jour.  Psych.,  1892-93 
V  201. 


■8  Waiter    W.  Dazis, 

to  press  down  the  button  of  the  telegraph  key,  so  that  the  test  was  one  of 
motor  ability  with  the  factor  of  muscular  power  seemingly  almost  elim- 
inated. 

Apparatus. 
The  tapping  was  done  by  the  subject  in  a  quiet  room,  while  the  results 
-were  recorded  in  an  adjoining-room.     The  number  of  taps  in  a  given 


time  was  recorded  on  a  tap  counter  which  was  connected  by  electric 
wires  with  the  key.      It  consisted  of  clock-work  with  hour  and  minute 


Researches  in  cross-education,  9 

hands.  At  the  back  (Fig.  i)  there  is  a  toothed  wheel  worked  by  an  elec- 
tro-magnet (6^)  and  an  armature  (/^)-  When  a  current  passes  through 
the  magnet,  the  armature  is  attracted  ;  when  it  ceases,  the  armature  is 
drawn  back  again  by  a  wire  spring.  The  upper  end  of  the  lever  (-£"),  of 
which  the  armature  is  a  part,  divides  into  two  arms  (/?),  each  of  which, 
one  on  each  side,  may  press  successively  into  a  toothed  wheel  (^)  in 
such  a  way  that  at  each  make  and  break  of  the  electric  current  the  wheel 
is  driven  forward  one  cog.  This  movement  arises  from  the  shape  of 
the  ends  of  the  arms  and  of  the  teeth  of  the  escapement  wheel.  A  friction 
spring  (C)  hinders  any  backward  movement.  This  counter  has  been  in 
use  in  the  laboratory  for  several  years.  Its  special  merit  lies  in  the  fact 
that  it  will  count  the  most  rapid  taps  that  a  person  can  possibly  make.  The 
number  of  taps  is  recorded  on  the  face  of  the  counter.  A  key  within 
easy  reach  makes  it  possible,  while  the  subject  is  tapping  in  the  quiet 
room,  for  the  observer  to  let  the  current  pass  or  not,  as  he  chooses. 

In  the  quiet  room,  three  keys  were  so  arranged  that  the  subject  could, 
without  changing  his  general  position,  tap  with  either  hand  or  either  foot. 
One  key  served  for  the  hands  and  was  clamped  to  a  board  which  was  held 
in  the  lap.  With  the  subject  seated  in  readiness  for  tapping,  the  board 
was  supported  by  the  arms  of  the  chair  and  the  elbows  rested  easily  on 
the  board,  the  hand  just  reaching  the  key.  The  tapping  was  done  with 
the  index  finger,  the  subject  being  instructed  to  keep  the  other  fingers,  the 
wrist  and  the  forearm  on  the  board.  This  position  allowed  a  rapid, 
easy,  isolated  movement  without  the  use  of  clamps  or  weights  that  might 
distract  the  attention. 

For  the  feet  a  board  was  so  constructed  that  two  keys,  four  inches 
apart,  could  be  set  into  the  top,  their  ends  touching  at  one  edge  and 
leaving  the  buttons  only  a  little  more  than  flush  with  the  surface  of  the 
board.  The  tapping  was  restricted  to  the  great  toe,  all  movement  being 
confined  as  much  as  possible  to  this  member.  The  chair  remained  always 
in  the  same  position  and  the  board  could  be  moved  on  the  floor,  forward 
or  backward,  to  suit  the  convenience  of  each  subject.  When  a  certain 
position  was  adopted  for  any  subject,  the  conditions  remained  constant 
for  him  through  the  entire  series  of  experiments. 

For  the  purpose  of  communication  the  two  rooms  were  connected  by 
a  system  of  signals,  by  which  the  observer  could  direct  the  subject  to 
start  or  stop.  In  all  cases  the  number  of  taps  in  ^\q  seconds  was  re- 
corded. With  all  in  readiness,  the  observer,  with  watch  at  hand,  sig- 
naled the  subject  to  start.  At  three  seconds  after  the  start  the  switch 
was  closed  and  the  counter  began  to  record.  After  ^s^  seconds  the  switch 
key  was  opened  and  the  subject  signaled  to  stop. 
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Method  of  experiment. 

In  this  series  of  experiments,  the  results  of  which  are  shown  in  Table 
I.,  tests  of  tapping-ability  we re^  made  on  six  subjects.     Of  these,  A.  is 
an  instructor,  and  B.,  C,  D.  and  F.  are  students  in  Yale  University.      E. 
is   the   steward   of  the    Psychological   Laboratory.      Initial    tests  were 
taken  of  the  right  and  left  index  fingers,  and  of  the  right  and  left  great 
toes.     Then  for  periods  varying  from  ten  to  twenty  days  the  right  great 
toe  was  practiced  daily,  or  nearly  so.     At  the  end  of  the  practice  period 
final  records  were  taken  of  each  member.     The  initial  and  final  tests 
were  taken  in  the  following  order :    for  subject  \.  LF  RF  LH  RH 
RHLHRFLF;  for  B.  LF  RF  LH  RH  LF  RF  LH  RH;  forC,  D., 
E.  and  F.,  LF  RF  RH  LH  LH  RH  RF  LF  {RH—x\g\ii  hand,  LH— 
left  hand,  RF — right  foot,  LF — left  foot).     In  this  way  the  liability  to 
differences  due  to    fatigue   was  guarded  against.     In  each    initial  and 
each  final  test,  averages  were  taken  of  the  two  records  made  by  each 
member.     A  specimen  record  is  inserted,  the  first  one  taken. 

Subject  A. — Initial  tf:st. 

LF  RF        LH        RH        RH        LH         RF         LF. 

13  17  24  26  28  24  19  II 

Average.  12  18  24  27 

The  initial  and  final  tests  were  taken  at  the  same  time  of  the  day,  and, 
as  nearly  as  possible,  under  similar  conditions.  Lombard^  and  Dresslar^ 
have  pointed  out  the  differences  in  voluntary  strength  and  rapidity  due 
to  varying  conditions.  An  effort  was  made  to  equalize  them  for  all 
records. 

Results, 

The  results  obtained  are  shown  in  Table  I.,  which  gives  the  numbers  of 
taps  in  five  seconds  for  each  member  at  both  initial  and  final  tests,  also 
the  gain  in  the  number  of  taps,  and  the  gain  as  a  percentage  of  the  in- 
itial number. 

The  effects  of  practice  are  not  uniform.  Not*  only  is  there  a  great  dif- 
ference between  the  gains  made  by  different  individuals,  but  also  between 
the  gains  of  different  members  of  the  same  individual.  Still,  certain 
fundamental  results  are  clearly  shown.  In  the  first  four  subjects,  whose 
initial  and  final  records  are  given  in  Table  I.,  a  marked  increase  in  the 
rapidity  of  tapping  ability  has  been  developed ;  and  this  increase  mani- 


*I^OMBARl),  Some  of  the  influences  which  affect  the  poiver  of  voluntary  muscular  con- 
traction ^  Jour.  Physiol.,  1 892  XIII  2. 

*Dresslar,  Influences  affecting  the  rale  of  voluntary  movement ,  Amer.  Jour.  Psych.  ^ 
1892  IV  514. 
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fests  itself  not  only  in  the  right  foot,  which  alone  was  practiced,  but  in 
all  the  other  members  as  well.     However,  the  greatest  average  gain  is. 


Table  I. 

Number 

of  taps  in  j  seconds. 

Subject. 

Initial  test. 

Final  test. 

Gain. 

Relative  gain 

'  LF 

12 

17 

5 

0  41 

A. 

RF 

i8 

20 

2 

O.II 

' 

LH 

24 

28 

4 

0.17 

.  AW 

27 

32 

5 

0.18 

r  LF 

15 

17 

2 

0.13 

B. 

RF 

14 

21 

7 

0.50 

LH 

22 

36 

14 

0.64 

RH 

22 

34 

12 

0-54 

r  LF 

20 

.     26 

6 

0.30 

C. 

RF 

21 

28 

7 

0-Z3 

* 

LH 

32 

36 

4 

0.13 

RH 

37 

42 

5 

0.14 

r  LF 

17 

25 

8 

0.47 

D. 

RF 

20 

28 

8 

0.40 

• 

LH 

26 

34 

8 

0-3I 

RH 

27 

29 

2 

0.07 

r  LF 

16 

22 

6 

0.38 

E. 

RF 

21 

20 

— I 

— 0.04 

LH 

22 

24 

2 

0.09 

RH 

24 

22 

— 2 

— o.oS 

r  LF 

16 

17 

I 

0.06 

F. 

RF 

21 

19 

— 2 

— 0.09 

LH 

30 

24 

—6 

— 0.20 

RH 

V 

33 

28 

—5 

—0.15 

r  LF 

16 

21 

5 

0.31 

Average. 

RF 

19 

23 

4 

0.21 

o 

LH 

26 

30 

4 

0.15 

.  ^^ 

28 

31 

3 

0.08 

Average: 

r  LF 

16 

21 

5 

0.31 

A,B, 

RF 

18 

24 

6 

0.33 

C\  D.              ^ 

LH 

26 

34 

8 

0  31 

RH 

28 

34 

6 

0.21 

made  by  the  member  practiced.  The  gain  by  RF'is  slightly  greater  than 
that  of  ZT^and  LH^  and  considerably  greater  than  that  oi  RH. 

In  neither  E.  nor  F.  is  there  a  gain  in  the  member  practiced,  but  rather 
a  slight  loss.  In  only  one  member  not  practiced,  LF  of  subject  E.,  is 
there  a  marked  gain,  while  in  RF,  LH^  and  RH  of  subject  F. ,  are  there 
marked  losses. 

In  the  second  average  the  records  of  subjects  E.  and  F.  were  not  used, 
the  object  being  to  give  the  comparative  average  results  of  practiced  and 
unpracticed  members  in  subjects  who  made  a  gain  in  the  member  prac- 
ticed. 
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From  certain  observations  taken  during  experimentation,  as  well  as 
from  remarks  and  suggestions  made  by  the  subjects  themselves,  these 
facts  appear  to  be  satisfactorily  explained.  Subject  E.  is  a  colored  man, 
the  steward  of  the  laboratory,  thirty-four  years  of  age,  of  a  phlegmatic 
temperaijdent,  steady-going  rather  than  (juick  and  active.  The  two  facts 
of  age  and  temperament  are  suggested  as  the  reason  for  his  not  respw^nd- 
ing  more  quickly  to  practice.  In  the  gymnasium  it  is  illustrated  every 
day  that  after  a  certain  age  the  boy  loses  in  a  great  degree  the  ability  to 
learn  new  tricks.  Moreover  boys  differ  individually  in  the  ability  to 
Jearn.  This  difference  is  not  due  wholly  to  lack  of  strength  but  to  tem- 
perament, will-power  and  previous  training  as  well.  Possibly,  with 
longer  practice,  good  results  might  have  been  secured  from  E.  Subject 
A.  was  of  the  same  age  as  E.,  but  the  practice  in  his  case  was  continued 
twenty  days  and  in  the  case  of  E.  only  ten  days  ;  the  two  subjects  di  ffer 
much  in  temperament,  A.  being  nervous  rather  than  sluggish. 

Tawle  II. 

Influence  of  age ;  number  of  taps  in  j  seconds. 

Average  gain 
Subjects.  Age.  of  the  four 

meniljers. 

A.  34  4 

B.  29  9 

C.  25  6 

D.  27  6 

Age  seems  to  play  an  important  part  in  the  results  obtained  from  prac- 
tice. Table  II.  gives  the  ages  of  the  subjects  in  connection  with  the 
average  gain  they  make  for  both  hands  and  both  feet,  the  length  of  prac- 
tice, and  the  gain  per  cent,  for  each  day  of  practice.  To  obtain  a  fair 
increase  in  the  rapidity  of  tapping,  the  practice  of  A.,  who  is  34  years 
old,  had  to  be  continued  for  20  days,  and  then  the  gain  is  less  than 
that  of  B.,  C.  and  I).,  where  the  practice  was  continued  for  14,  10  and  10 
days  respectively,  and  the  ages  were  29,  25  and  27  years. 

An  interesting  principle  was  exemplified  in  the  failure  of  F.  to  make  a 
gain  in  rapidity  by  practice.  F.  is  an  academical  senior,  aged  23,  the 
youngest  of  the  six  subjects,  and  of  a  nervous  motor  temperament.  He  is 
a  trained  gymnast  of  more  than  moderate  skill.  One  would  judge  that 
•conditions  here  were  favorable  for  a  rapid  gain  in  tapping  ability.  Some 
of  his  remarks,  however,  after  the  daily  practice,  throw  light  on  the  diffi- 
culty. *  *  If  I  try  to  hurry  too  much  my  foot  stops  almost  altogether.  * '  *  *  At 
times  I  am  obliged  to  put  forth  my  entire  will  power  in  order  to  tap  at 
all."      **  I  feel  fatigued  all  over  "  ;  that  is,  fatigue  did  not  confine  itself 


Relative 

Days  of 

Relative 

gain. 

practice. 

gain  per  day 

0.20 

20 

O.OI 

0.44 

14 

0.031 

0.22 

10 

0.022 

0.27 

10 

0.027 
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to  the  muscles  involved  but  was  general.  It  would  seem  that,  in  this 
subject,  temperament  and  training  had  combined  to  form  conditions 
unfavorable  to  rapidity  of  tapping.  Naturally  of  a  quick,  nervous,  active 
disposition,  his  training  as  a  gymnast  had  emphasized  these  qualities. 
The  proper  execution  of  difficult  gymnastic  tricks  requires  a  great 
exertion  of  strength  and  also  its  quick  concentration  at  a  particular 
moment  in  time.  The  subject  had  become  so  accustomed  to  send- 
ing down  strong  impulses  to  action  to  large  muscles,  that  it  was  difficult 
for  him  to  send  proper  impulses  for  the  action  of  small  muscles  like  those 
of  the  fingers  and  toes.  Subject  F.*s  great  store  of  energy  is  illustrated 
in  his  long  practice  records.  It  seemed  impossible  to  tire  him  out.  In 
one  experiment  he  made  900  taps  without  a  slowing  in  rapidity  of  tap- 
time.  He  concentrated  more  attention  at  one  point  than  was  favor- 
able for  rapidity  of  movement.  So  great  an  amount  of  nervous  energy 
was  sent  to  this  point  that  the  delicate  muscles  could  not  properly  dis- 
pose of  it  for  action,  and  the  result  was  a  slowing  of  movement. 

On  the  whole,  the  subjects  were  a  group  not  favorable  for  rapid  im- 
provement from  practice.  Of  an  average  age  of  28  years,  they  had  got- 
ten beyond  the  point  in  physical  development  where  either  muscular  or 
nervous  changes  would  take  place  rapidly.  With  younger  subjects  larger 
and  more  rapid  gains  might  reasonably  be  expected.  Nevertheless,  the 
principle  of  cross-education  appears  most  plainly  and  decisively. 

Since  obtaining  the  above  results,  I  have  received  a  letter  from  Herr 
Oscar  Raif,  Professor  of  Music  in  the  Berlin  Hochschule,  who  has  done 
some  experimenting  similar  to  mine.  I  quote  a  portion  of  his  letter, 
inserting  the  number  of  beats  per  minute  in  [     ]. 

*'  In  the  spring  of  '98,  I  made  an  experiment  with  twenty  of  my 
pu|)ils.  I  began  by  taking  the  average  speed  of  each  hand  with  the 
metronome.  The  average  of  the  right  hand  was  I  =  116  (=  four  times 
116  in  the  minute)  [464  beats]  and  for  the  left  hand,  112  [448  beats]. 
I  gave  them  exercises  for  the  right  hand  only  (finger  exercises,  scales  and 
])roken  accords)  to  develop  rapidity.  After  one  week  the  average  of  the 
right  hand  was  120  [480],  after  two  weeks,  126  [504],  three  weeks,  132 
[528],  etc.  After  two  months  the  right  hand  yielded  176  [704].  Then 
1  had  them  try  the  left  hand  which  averaged  152  [608],  whereas  in  No- 
vember the  average  was  only  112  [448].  In  two  months'  time,  abso- 
lutely without  practice,  the  left  hand  had  risen  froni  112  [448]  to  152 
[608] .  A  few  of  my  pupils  had  some  difficulty  in  playing  the  scales  in 
parallel  motion,  but  were  able  to  play  them  in  contrary  motion. 

*'  The  tenor  of  my  work  is  that  in  piano  playing  the  chief  requirement 
is  fiot  that  each  single  finger  should  move  rapidly  but  that  each  movement 
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should  come  at  exactly  the  right  time,  and  we  do  not  work  only  to  get 
limber  fingers  but  more  than  that  to  get  perfect  control  over  each  finger. 
The  source  of  what  in  German  is  called  *  Fingerfertigkeit '  is  the  center 
of  our  nervous  system,  the  brain.** 

Further  explanation  of  the  application  of  these  principles  in  musical 
training  is  promised  in  a  work  on  **  Fingerfertigkeit  **  by  Professor  Raif. 
The  fact  that  Herr  Raif's  pupils  could  play  the  scales  in  contrary  more 
easily  than  \xi  parallel  vaoWon^  deserves  notice  as  coinciding  with  the  ob- 
servations made  by  Weber  and  Fechner  in  regard  to  mirror- writing. 

Table  III.  gives  the  relative  rapidities  of  hands  and  feet,  both  before 
and  after  practice,  and  their  average  percentage  of  gain.  The  ratio  of 
tapping  ability  is  smaller  at  the  end  of  the  practice  than  at  the  beginning ; 
the  relative  gain  of  the  feet  being  5.5%  greater  than  that  of  the  hands. 


Table  HI. 

Comparative 

rapidity  of  hands  and  feet. 

A. 

(  Feet. 
\    Hands. 
t  Ratio. 

Initial. 

25 
1:1.7 

Final. 

18 

30 
1:1.6 

Relative  gain 
0.24 
0.16 

B. 

r  Feet. 
-j    Hands, 
i  Ratio. 

14 
22 

1:1.5 

18 

35 
1:1.8 

0.31 
0.58 

C. 

r  Feet. 
-]    Hands. 
(  Ratio. 

20 

34 
1:1.6 

27 

38 
1:1.4 

0.32 
0.12 

D. 

r  Feet. 
\    Hands. 
(  Ratio. 

19 

27 
1:1.4 

26 

31 
1:1.2 

0-39 
0.17 

Total  Average 

r  Feet. 

\    Hands. 
(    Ratio. 

1 7 ''8 
27^8 

1:1.6 

22% 

23/2 
1:1.5 

0.31 
0.26 

In  the  case  of  D.  two  facts  are  noticeable  from  an  examination  of  the 
table:  (i)  lower  ratios  between  feet  and  hands  both  before  and  after 
practice ;  and  (2)  a  greater  percentage  of  gain  in  the  tapping  ability  of 
the  feet  in  comparison  with  the  other  subjects.  During  1).  's  practice  it  was 
observed  that  he  had  an  almost  independent  use  of  his  great  toe.  He 
could  flex  or  extend  it,  with  very  little  accompanying  movement  of  the 
remaining  toes.  D.  is  a  Japanese  student  and  while  in  Japan  wears  the 
ordinary  clog  shoe  which  allows  free  movement  of  the  great  toe.  A 
heavy  string  extending  up  for  an  inch  from  the  middle  forward  part  of 
the  sole  divides  into  two  parts  which  pass  back,  one  on  either  side  of  the 
•foot.     When  the  shoe  is  adjusted  to  the  foot,  the  string  before  its  division 
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is  grasped  between  the  first  and  second  toes,  and  the  shoe  is  held  in  place 
by  this  means.  The  sock  also  is  made  in  the  form  of  a  mitten,  the  great 
toe  being  in  a  separate  compartment  from  the  others.  The  sock  is  the 
only  covering  of  the  foot  above  and  to  the  sides.  Hence  two  prime  con- 
ditions for  development  are  here  present,  exercise  and  room  for  growth. 
These  facts  probably  account  for  the  smaller  ratio  between  the  rapidity  of 
toes  and  fingers  in  the  case  of  D.  They  also  emphasize  the  fact  already 
pointed  out  *  that  the  feet  of  Americans  are  losing,  as  a  result  of  tight, 
ill-formed  shoes,  those  power's  natural  to  them.  The  reason  why  the 
feet  in  the  case  of  D.  should  make  a  greater  percentage  of  gain  than  in 
the  other  subjects,  although  not  so  clear,  is  probably  due  to  the  same  cause. 

Tyifluences  affecting  the  rapidity  of  tapping. 

In  the  daily  practice  the  right  great  toe  tapped  until  fatigued.  There 
Avas,  however,  no  attempt  to  reduce  the  muscles  to  a  state  of  extreme 
fatigue,  since  the  increase  in  tapping  ability  at  the  final  test  was  the 
prime  object.  The  records  were  made  in  a  manner  similar  to  those  at 
the  initial  and  final  tests.  The  signal  to  start  was  given  ;  after  three 
seconds  the  switch  was  closed  and  a  record  was  obtained  for  five  seconds. 
The  result  was  noted  while  the  subject '  continued  to  tap  without"  stop- 
ping, and  after  ten  seconds  another  record  was  taken.  The  subject  and 
the  observer  continued  in  this  manner,  the  record  being  taken  at  every 
third  period  of  ^vt,  seconds,  until  the  subject  stopped  tapping. 

A  study  of  these  records  and  of  the  remarks  dropped  by  the  subjects 
led  to  several  important  observations. 

(^7)  There  are  perceptible  variations  in  the  rapidity  of  the  tap-time  on 
any  given  occasion  of  practice.  One  subject  says :  "At  times  it  is  very 
easy  to  tap  rapidly;  then  it  becomes  difficult ;  then  easy  again."  An- 
other subject  noticed  what  he  termed  "waves,**  that  is,  short  periods  of 
rapidity  followed  by  a  slowing  of  the  tap-time.  These  waves  of  rhythm 
have  been  noticed  by  NovES*  in  the  knee-jerk;  and  also  by  Lombard' 
in  his  work  with  the  ergograph.  They  seem  to  be  wholly  beyond  the 
control  of  the  will. 

This  phenomenon  is  shown  in  Fig.  2  which  gives  the  curve  for  a 
record  by  A.,  the  twelfth  in  his  series  of  practice  records.  X  indicates 
the  serial  number  of  the  record,  and  Fthe  number  of  taps  in  five  sec- 


'  pj-i.is,  The  human  foot ^  Wood's  Medical  and  Sui^cal  Monographs,  April  1890. 
^XoYKs,  On  certain  peculiarities  of  the  knee-jerk  in  sleeps  Amer.  Jour.  Psych.,  1892 

i^'  343. 

'^Lo.MlJARD,  Alterations  in  the  strength  which  occur  during  fatiguing  voluntary  mus- 
Millar  worky  Jour.  Physiol.,  1893  XIV  98. 
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onds.     The  continual  fluctuation  between   gain  and  loss   in  energy  is 
quite  striking. 
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A',  upper  line,  serial  number  of  record. 
-V,  lower  line,  successive  steps  in  the  subject's  practice. 
P,  number  of  taps  in  5  seconds. 

(^)  States  of  feeling  do  not  appear  to  have  much  effect  on  the  rapid- 
ity of  tapping.     Often  the  subject  would  remark  that  he  did  not  feel 
like  making  a  good  record  and  when  the  record  was  taken  it  would  prove 
excellent.     The  reverse  is  true  also.     One  of  the  subjects  remarked  be- 
fore a  certain  practice  that  he  had  partaken  of  a  fine  punch  the  nighti 
before,  had  had  a  good  night's  rest,  felt  in  excellent  spirits  and  expected 
to  make  an  unusual  record.     After  the  experiment  the  result  was  com- 
pared with  the  previous  ones  and  the  taps  were  found  to  be  slower  than 
any  in  the  preceding  three  days.     There  were  many  other  similar,  though 
less  notable,  instances  of  the  deceptiveness  of  the  subject's  judgment  of 
his  own  condition. 

(r)  On  the  other  hand,  the  physical  condition  of  the  hand  or  foot  as 
judged  by  sensations  had  a  noticeable  effect  on  the  tapping  ability.  On 
one  very  cold  morning  the  subjects,  without  exception,  made  poor 
records  ;  most  of  them  had  complained  of  cold  feet,  due  to  the  exposure 
of  the  bare  foot  in  the  cool  air. 

Table  IV. 
F.ffdct  of  I'xcnisd. 

Day I        2        3 

Record  during  first  5  seconds 16      15      14 

Record  during  second  5  seconds,  24      20      18 

(i/)  Tapping  could  be  done  faster  and  more  easily  after  a  few  taps  had 
been  made,  or  as  C.  expressed  it,  after  the  muscles  had  been  **  warmed 
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up."     Table  IV.  gives  the  first  two  records  of  each  of  the  practice  ex- 
periments for  D. 

The  results  show  that  either  the  muscular  or  the  nervous  system  or 
both  do  not  do  their  best  work  at  the  start. 

(^)  Pain  and  fatigue,  when  they  were  noticed  at  all  as  the  result  of 
continued  tapping,  were  generally  located  in  or  near  the  muscles  em- 
ployed in  the  movement.  Rarely  indeed  was  fatigue  spoken  of  as  being 
general. 

(/)  The  length  of  time  during  which  the  subject  kept  up  his  practice 
was  a  good  indication  of  his  store  of  energy.  There  was  a  tendency  to 
longer  j)ractice-records  on  Mondays  and  on  any  day  preceded  by  a  day 
of  rest  from  tapping.  Apparently  the  muscular  or  nervous  energy  ex- 
pended in  the  performance  of  one  day's  task  was  not  fully  restored  in  one 
day,  the  tissues  requiring  a  day's  rest  to  regain  their  normal  capacity  for 
work. 

(a'')  ^^pping  became  much  easier  after  a  few  days  of  practice  ;  the  ap- 
parent reason  was  that  it  did  not  require  so  much  attention.  This  points 
to  the  probability  that  lower,  automatic  centers  were  being  developed 
for  the  foot  in  the  specific  movement  of  tapping,  leaving  less  responsi- 
bility for  the  act  upon  the  higher  centers  of  consciousness  and  attention. 

(//)  Subject  A.  experienced  sensations  of  pain  in  his  unused  left  great 
toe  similar  to  those  in  the  right  which  was  being  fatigued  by  the  tapping. 
He  has  noticed  the  same  fact  in  connection  with  **  writer's  cramp" 
which  has  troubled  him  at  various  times  ;  the  numb  sensation  of  the 
right  middle  finger  is  sometimes  transferred  to  the  left  middle  finger  for 
periods  varying  from  a  few  minutes  to  hours.  He  does  not  use  the  left 
hand  for  writing. 

The  loss  of  the  effects  of  practice. 

To  determine  if  the  effects  of  practice  are  retained  for  a  long  period 
of  time,  A.  *s  record  was  obtained  six  weeks  after  his  final  test.  Table  V. 
shows  the  results  compared  with  his  initial  and  final  tests. 


Table  V. 

Effect 

of  a  long  interval. 

bjcCt. 

Initial. 

Final. 

After 

six  week*. 

A 

r  LF 

RF 
IJl 
Klf 

12 

18 

24 
27 

17 

28 
32 

18 
16 

24 
30 

I  ra<;e 

20 

24 

22 
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There  was  a  general  loss  after  the  interval.  This  loss  was  more  marked 
in  the  hands  than  in  the  feet ;  the  average  loss  for  the  hands  was  3 ;  for 
the  feet,  i. 

III.    SlRENfiTH    OF    VOLUNTARY    EFFv^RT. 

It  has  already  been  proved  that  the  development  in  the  strength  of  one 
arm  is  accompanied  by  an  increase  in  the  exertion  that  can  be  put  forth 
by  the  other.'  Is  this  increased  power  due  to  increased  nervous  activity 
or  to  increased  muscular  tissue  ? 

The  following  experiments  were  undertaken  primarily  to  determine  if 
an  increase  in  the  size  of  one  arm  would  result  from  the  exercise  of  the 
other  in  muscular  strength  and  endurance.  From  previous  experiments, 
referred  to  in  Sec.  I.,  an  increase  of  strength  was  looked  for  in  both  arms. 
It  was  not  believed  that  a  perceptible  increase  in  the  girth  of  the  left  arm 
would  result  after  so  short  a  period  of  training. 

Method  of  experimenting. 

The  experiments  were  made  in  the  following  way  :  six  subjects  were 
chosen,  definite  girth  measurements  of  both  arms  were  taken,  and  the 
number  of  times  ascertained  that  each  arm  could  raise  a  weight  of  2  ^Z 
kilos.  (5  pounds). 

At  the  initial  test  the  subject's  clothing  was  removed  from  the  upper 
part  of  his  body.    His  weight  was  then  taken  and  his  strength  of  forearm, 
or  grip,  measured  by  the  usual  oval  spring  dynamometer.     The  following 
measurements  were  then  made  by  Dr.  J.  W.  Seaver,  Associate  Director 
of  the  Vale  Clymnasium  :   right  and  left  upper  arm  both  flexed  and  ex- 
tended ;  right  and  left  forearm  with  and  without  the  hand  clenched. 
These  measurements  were  taken  at  the  largest  circumferences  of  the  arm 
above  and  below  the  elbow.     The  weight  (a  2^A  kilo,  dumbbell)  was 
then  given  to  the  subject,  who  was  instructed  to  Lift  it  from  a  position 
where  the  arm  hangs  extended  downward  and  the  weight  is  supported 
from  the  shoulder,  to  one  where  the  arm  is  flexed  and  the  weight  close  to 
the  shoulder.      In  this  movement  the  elbow  remains  stationary.     Hence, 
to  accomplish  this  act,  the  bic  eps  is  employed  almost  wholly,  though  the 
muscles  of  the  forearm  are  also  used  to  a  lesser  extent  in  gripping  the 
dumbbell.     This  gripping  was  intensified  toward  the  end  of  the  test, 
when  the  subject  became  fatigued. 

A  metronome  was  not  used,  but  each  subject  was  allowed  to  fall  into  his 
own  rhythm  of  movement,  which  varied  according  to  the  length  of  the  arm 
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and  the  man's  temperament.  The  only  instruction  he  received  was  not  to 
allow  the  weight  to  stop  at  its  highest  and  lowest  points.  At  the  final 
test  it  was  observed  that  the  rate  of  motion  was  unconsciously  faster  than 
at  the  initial  test.  This  was  probably  due  to  an  increase  of  energy  stored 
up  during  the  practice. 

Fatigue  was  not  carried  to  an  extreme,  because  such  a  test  would  put 
the  arm  and  the  physical  system  in  general  into  such  a  condition  that 
good  results  could  not  be  expected  from  the  succeeding  short  practice. 
\\'hen  the  right  arm  was  fatigued,  a  rest  of  ^\^  minutes  was  given,  after 
which  the  left  arm  went  through  the  same  exercise. 

The  subject  then  entered  upon  a  practice  extending  from  two  to  four 
weeks  ;  this  consisted  in  simple  flexions  of  the  right  arm  with  the  weight. 
The  subjects  were  instructed  not  to  tire  the  arm  but  to  exercise  it  fre 
quently  and  lightly,  rather  than  heavily  and  at  long  intervals. 

At  the  final  test  the  same  data  were  obtained  in  the  same  way  and 
under  the  same  conditions  as  at  the  initial  test.  Additional  data  were 
also  obtained,  to  be  spoken  of  later.  The  arms  were  examined  by  pres- 
sure to  detect  any  changes  in  condition  that  might  have  been  occasioned 
by  practice. 

Characteristics  of  the  subjects. 

As  the  results  indicated  that  the  age,  physical  condition  and  mode  of 
life  of  each  subject  should  be  taken  into  consideration,  the  following 
data  were  collected : 

G.  Age,  28.  Health,  fair.  Temperament,  nervous.  Muscles,  soft, 
undeveloped.     Exercise,  light  gymnasium. 

H.  Age,  26.  Health,  good.  Temperament,  phlegmatic.  Muscles, 
soft.      Exercise,  light. 

B.  Age,  29.  Health,  good.  Temperament,  ner\'Ous.  Muscles, 
soft.     Exercise,  none.     Left-handed  in  most  actions. 

1.  Age  26.  Health,  good.  Temperament^  nervous.  Muscles, 
firm,  well  developed     Exercise,  regular,  in  gymnasium. 

J.  Age,  26.  Health,  excellent.  Temperament,  motor.  Mus- 
cles, well  developed,  but  soft.     Exercise,  none. 

K.  Age,  24.  Health,  not  good,  over-worked.  Temperament, 
nervous.      Muscles,  soft  and  very  poorly  developed. 

The  subjects  were  all  in  a  muscular  condition  favorable  to  increase  in 
girth  measurements,  but  their  average  age  of  26  years  was  probably  un- 
favorable for  such  an  increase.  They  were  all  members  of  the  Graduate 
vSchool  of  Yale  University.  Those  who  were  taking  any  physical  exercise, 
were  instructed  to  continue  it  throughout  the  practice. 
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Increase  in  the  dimensions  of  the  arms. 

Table  VI.  shows  the  girth  measurements  taken  at  the  initial  and  final 
tests  and  the  increase  due  to  the  practice.  The  subject's  age  and  weight 
are  given  as  a  means  of  control.     The  measurements  are  in  millimeters. 

Table  VI. 
Increase  in  arm  girths. 


Biceps. 


Forearm. 


Subject. 
Age. 

Ri 
C. 

ght. 
R. 

Left. 
C.         R. 

Right. 
C.         R. 

Left. 
C.         R. 

Wt.  in 

kilos. 

G. 
28 

r  Initial. 
-j  Final. 
(Gain. 

283 
288 

5 

228 
232 

4 

274 
269 

—5 

226 

226 

0 

259 
260 

I 

255 

255 
0 

256 

254 
— 2 

246 

246 

0 

56.3 
56.8 

0.5 

H. 
26 

(  Initial. 
-<  Final. 
I  Gain. 

270 

283 

13 

238 

246 

8 

265 

271 

6 

237 

241 

4 

252 
265 

13 

247 

257 
10 

250 

260 

10 

248 
252 

4 

66.6 

67.2 

0.6 

B. 
29 

(Initial. 
•j  Final. 
(Gain. 

287 

293 
6 

249 

255 
6 

285 

296 

II 

252 
256 

4 

246 

259 
13 

237 
249 

12 

260 
265 

5 

252 

257 
5 

75.7 

75.  r 

—0.6 

I. 
26 

'  Initial. 
-   Final. 
.Gain. 

230 

^1 

275 

281 

6 

317 
320 

3 

275 

277 
2 

283 

283 
0 

275 

277 

2 

281 

277 
—4 

272 
270 

— 2 

71.6 

71.6 

0 

J. 
26 

r  Initial. 
-j  Final. 
(  Gain. 

310 

312 

2 

265 
264 
— I 

302 
0 

260 
262 

2 

270 

273 
3 

262 
265 

3 

265 
260 

I 

255 
260 

5 

695 

693 
0 

K. 
24 

f  Initial. 
]  Final. 
(Gain. 

276 
280 

4 

235 

239 

4 

260 

262 

2 

220 

230 

10 

252 
251 
— I 

240 
240 
0  . 

243 
246 

3 

232 

235 

3 

56.1 

56.1 

0 

Av.  gain. 

6.3 

4.5 

2.8 

3-6 

4.8 

41 

2.1 

2.5 

0.1 

c- 

:  Contracted. 

R  =  Relaxed. 

The  results  showed  that  the  practice  had  effected  an  increase  in  the 
girth  measurements.  For  example,  G.'s  initial  measurement  for  the  right 
biceps  contracted  was  283,  relaxed  it  was  228.  His  final  measurements 
for  the  right  biceps  were,  contracted  288,  relaxed  232.  The  gain  in  the 
biceps  contracted  was  5"°"  and  relaxed  4"",  as  the  result  of  his  twg  weeks* 
practice. 

There  was  no  marked  gain  in  the  weight  of  any  of  the  subjects  that 
might  account  for  the  increase  in  girth.  The  average  gain  was  o.  i  kilo,, 
which  is  insignificant,  while  B.,  who  lost  weight,  made  as  large  gains  in 
girth  as  any. 

The  gains  in  girth  measurements  were  greatest  in  this  order;  right 
biceps,  right  forearm,  left  biceps,  left  forearm.  The  right  arm  gained 
by  direct  practice  but  though  the  right  increased  twice  as  much  as  the 
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left,  still  the  left  made  marked  gains,  and  there  seems  to  be  no  doubt 
that  there  had  been  a  transference  of  the  effects  of  practice  on  the  one 
side,  to  the  unpracticed  other  side.  Among  the  girths  of  right  biceps 
there  is  only  one  loss  recorded.  This  is  for  J.,  who  made  only  small 
gains  in  all  of  his  girths.  For  left  biceps  there  is  one  loss  recorded,  that 
of  G.  This,  as  well  as  other  irregularities  in  the  case  of  G.,  to  be  men- 
tioned later,  may  be  explained  from  the  fact  that  he  misunderstood  the 
instructions  given,  and  during  his  practice  period,  stopped  his  usual  exer- 
cise. For  the  right  forearm  one  small  loss  is  recorded,  and  for  left  fore- 
arm three  losses. 

The  results,  though  exhibiting  variations  and  exceptions,  show  very 
clearly  that  exercise  producing  a  gain  in  girth  of  one  arm  causes  a  similar 
though  smaller  gain  in  the  other. 

Symmetrical  development. 

Here,  it  would  seem,  is  a  provision  by  nature  to  prevent  a  onesided 
development.  If  the  right  side  of  the  body  received  all  the  benefit  of  its 
excess  of  exercise  over  the  left,  it  would  tend  to  outgrow  it  in  much 
greater  proportion  than  is  actually  the  case. 

There  is  really  very  little  difference  between  the  sizes  of  the  right  and 
left  arms.  This  is  especially  true  if  the  measurements  are  taken  with  the 
muscles  relaxed.  There  is  a  greater  difference  when  contracted,  as  if  a 
stronger  stimulus  to  action  could  be  sent  to  the  right  than  to  the  left. 
As  a  proof  of  this  point  the  measurements  of  one  hundred  Yale  Fresh- 
men were  averaged,  and  the  following  results  obtained. 


mni 


Right  biceps,  contracted, 296.04 

Left         **  **  282.57 

Difference, 13-47 

Right  biceps,  relaxed, 248.95 

Left         *'  **         242.41 

Difference, 6.54 

The  difference  in  girth  between  the  right  and  left  biceps,  contracted, 
is  13.47,  but  when  relaxed,  the  difference  is  only  6.54.  If  we  subtract 
the  girths  with  muscles  relaxed,  from  the  girths  with  muscles  contracted, 
we  fmd  a  difference  in  the  right  arm  of  47.09,  in  the  left  of  40.16. 
These  last  figures  may  represent  the  contracting  power  of  the  muscles, 
and  if  so,  the  ability  of  the  left  arm  is  about  85%  that  of  the  right. 

This  difference  in  the  extent  to  which  the  muscles  are  contracted  is 
shown  very  clearly  in  my  own  case.  This  measurements  are  :  right  biceps 
contracted   330"™,    relaxed    275"";    left   biceps   contracted   317°"",   re- 
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laxed  2  75"".  The  measurements  are  the  same  for  the  muscles  in  the  re- 
laxed condition,  but  when  contracted  the  difference  is  13"",  in  favor 
of  the  right.  There  is  a  difference  also,  in  the  contours  and  in  the 
lengths  of  the  two  biceps.  The  right  is  shorter  and  more  clearly  defined, 
an  indication  that  it  has  greater  power  of  contraction. 

Increase  in  endurance. 

In  the  initial  test  the  subject  raised  the  weight  until  forced  to  stop  on 
account  of  fatigue  or  pain,  though  the  test  was  not  carried  to  the  very  ex- 
treme of  endurance.     The  number  of  flexions  made  is  given  in  Table  Vll. 


H. 


B. 


T 

AKLE 

VII. 

Number 

0fflc\ 

ctions  made. 

R 

L 

R 

L 

Initial. 
Final. 

180 
1000 

100 
300 

\ 

r  Initial. 
I.    -j    Final. 

250 
1000 

223 
250 

Gain. 

820 

2CO 

I  Gain. 

750 

27 

Initial. 
Final. 

100 
1050 

80 
1 10 

(  Initial. 
J.    -j    Final. 

200 
600 

75 
300 

Gain. 

950 

30 

I  Gain. 

400 

225 

Initial. 
Final. 

100 
1000 

125 
200 

r   Initial. 
K.   "j    Final. 

136 
860 

93 
607 

Gain. 

900 

75 

I  Gain. 

'724 

'514 

This  table  also  gives  the  number  of  flexions  made  in  the  final  test.  The 
weight  which  in  the  initial  test  was  heavy  enough  to  reduce  either  arm  to 
a  condition  of  fatigue  after  a  few  minutes*  work,  was  not  able  to  so  effect 
the  right  in  the  final  test,  though  soon  fatiguing  the  left  arm.  The 
practice  had  so  inured  the  right  arm  to  fatigue  that  with  the  given  weight 
and  time  of  flexion  the  work  could  be  kept  up  almost  indefinitely.  At 
one  thousand  flexions  the  fatigue  was  scarcely  noticeable,  hence  the  test 
was  not  continued. 

It  is  clear  that  the  right  arm  had  developed  remarkably  in  endurance. 
K.  who  is  slight  and  not  of  rugged  health,  at  the  end  of  the  final  test  for 
right  arm,  said  his  arm  was  not  tired  in  the  slightest  degree,  although  he 
was  apparently  almost  overcome  by  the  general  effects  of  fatigue.  The 
left  arm  also  had  gained  in  endurance  though  not  to  so  great  an  extent. 
The  average  number  of  flexions  for  the  left  arm  at  the  initial  test  was  119, 
at  the  final  test,  297,  a  gain  of  178  or  150%.  We  conclude  that  while 
the  left  had  gained  very  materially,  both  in  size  and  endurance,  from  the 
practice  of  the  right,  there  was  still  a  lack  of  that  fineness  of  condition 
which  seems  dependent  upon  actual  exercise  of  the  muscle  itself. 

There  is  an  entire  lack  of  correspondence  l)etween  the  increases  in 
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girth  and  in  power  of  endurance.  In  fact  the  six  subjects  ilUistrate  two 
types,  dilTering  widely  in  these  respects.  G.,  J.  and  K.  belong  to  a  type 
showing  very  little  gain  in  girth,  but  exhibiting  a  marked  increase  in  en- 
durance of  the  left  arm.  H.,  B.  and  I.  make  large  gains  in  girth  for  both 
right  and  left  arms,  but  little  increase  in  the  endurance  of  the  left  arm. 

Tahlk  VIII. 

Comparison  behoeen  girth  tHeasurements  and  pinvcr  of  endurance. 


Type  A. 


Girth 

gains. 

Flexion  gains 

Right  biceps. 

Left  biceps. 

l^ft  arm. 

G. 

5 

—5 

200 

J- 

2 

0 

225 

K. 

4 

2 

514 

Average 

3^^ 

— I 

313 

H. 

13 

6 

30 

B. 

6 

II 

75 

I. 

8 

3 

27 

Average 

9 

6f4 

44 

Type  H. 


In  Type  A  (Table  VIII.)  there  is  an  average  gain  of  3 5 3""°  in  the 
girth  of  the  right  arm  and  a  loss  of  i"*",  in  that  of  left ;  while  the 
flexions  for  left  arm  increase  by  313.  In  Type  B  the  girth  gains  are  large, 
but  the  gain  in  flexions  is  only  44.  The  two  types  are,  then,  very  clearly 
defined  and  separated  from  each  other;  while  the  similarity  of  the  indi- 
vidual results  in  each  type  is  quite  close.  For  example,  G.'s  gain  in  right 
biceps  is  less  than  any  in  Type  B.  The  same  comparison  can  be  made 
successfully  with  any  individual  whatsoever  in  either  type.  The  facts 
noted  are  therefore  worthy  of  the  highest  consideration. 

Why  such  results  are  produced  is  not  clear.  Though  it  has  often  been 
noticed  that  a  larger  muscle  is  not  always  capable  of  greater  strength 
and  effectiveness  than  a  smaller  one,  still  one  would  think  that  there 
ought  to  be  a  correspondence  in  the  same  individual  at  different  times 
between  the  size  of  his  muscles  and  their  endurance,  and  that  if  a  marked 
gain  in  size  occurred  for  any  reason  there  should  be  also  a  marked 
gain  in  endurance.  In  Type  A  the  nutrition  has  effected  such  a  change 
in  the  muscle  cells  that  they  have  gained  endurance.  In  Type  B  the 
tissue  that  has  been  added  may  be  fat,  or  some  other  constituent  that  has 
not  been  worked  into  the  life  of  the  muscle  cell. 

Increase  in  strength. 

The  strength  of  forearm  was  taken  at  both  initial  and  final  tests  by 
means  of  an  ordinary  oval  spring  hand-dynamometer.  The  subject  was 
given  two  trials  with  each  hand  and  the  highest  mark  made  by  each  hand 
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recorded.  No  practice  was  given  the  subject  in  gripping  the  dynamome- 
ter, the  object  being  to  determine  if  there  was  any  increase  in  strength  of 
the  right  forearm  due  to  general  improvement  in  the  nutrition  of  the  arm. 
This  being  found,  it  remained  to  be  determined  whether  there  was  a  sim- 
ilar increase  in  the  strength  of  the  left.  It  has  already  been  pointed 
out  that  as  fatigue  came  on  there  was  a  certain  amount  of  clenching  of 
the  hand  in  holding  the  dumbbell.  One  would  reason  that  the  muscles 
of  the  forearm  would  be  developed  and  so  an  increase  of  strength  would 
result.     This  is  found  to  be  true.     Table  IX.  shows  that  this  increase  is 


G. 


H. 


B. 


Tab 

ILE   IX. 

Increase 

in  Strength. 

Pres 

sure  of 

Pressure  of 

dynam. 

in  kilos. 

dynam. 

in  kilos 

A* 

L 

R 

L 

'  Initial. 
■   Final. 
Gain. 

41.8 

45-4 
3<> 

43-6 

40.8 

—  2.8 

I. 

r  Initial. 
\  Final. 
(Gain. 

54.1 
56.8 

2.7 

49.0 

53- 1 
4.1 

r  Initial. 
\  Final. 
(  Gain. 

46.5 
7.6 

35-4 
48.9 

135 

J- 

r  Initial. 
\  Gain. 
I  Final. 

38.6 

44-5 
5-9 

38.2 

41.8 

3.6 

r  Initial. 
-!  Final. 
(  Gain. 

38.6 
54.5 
159 

39-5 
50.0 

10.5 

K. 

r  Initial. 
X  Gain. 
(  Final. 

46.5 
44.2 

—  2.3 

41.8 

45-4 
3-6 

Average  gain 

5.56 

541 

transferred  to  the  left  side.  The  average  gain  of  the  right  arm  is  5.56 
kilos.,  of  the  left  5.41  kilos,  or  nearly  as  much.  This  corresponds 
closely  with  the  figures  obtained  by  Dr.  Anderson,  where  the  dynamo- 
metric  pressure  itself  was  practiced.  He  found,  with  practice  of  the 
right  hand  alone,  a  gain  in  the  right  of  11. 7  pounds,  in  the  left  of  13.2, 
the  gain  in  the  left  being  the  greater. 

There  were  two  failures  to  make  gains  in  strength  of  grip.  G.,  who,  as 
we  have  before  pointed  out,  neglected  to  follow  instructions  exactly, 
made  no  increase  in  the  left  forearm  ;  and  K.,  who  showed  no  increase  in 
girth  of  right  arm,  failed  there  also  to  increase  in  strength. 

If  we  compare  the  gain  in  girth  of  forearm  (hand  clenched)  with  the 
gain  in  pressure,  we  find  a  close  correspondence.  The  six  subjects  again 
fall  into  two  types,  not  so  clearly  defined,  however,  as  those  in  Table 
VIII.  In  Type  C  (Table  X.)  are  placed  H.,  B.  and  J.,  who  show  the 
largest  gains  in  girth  and  also  in  the  dynamometric  pressure.  Though 
there  are  some  partial  variations  from  the  type,  the  averages  pro\e  the 
point  very  conclusively.  The  average  gains  in  girth  and  in  pressure  in 
Type  C  are  all  large ;  in  Type  D  they  are  all  small,  zero  or  minus. 


( 

Girth 

gains. 

Porearin. 

A» 

L 

H. 

13 

10 

H. 

13 

5 

J. 

3 

I 

Average 

9ii 

5h' 

G. 

I 

— 2 

I. 

0 

—4 

K. 

— I 

3 

Average 

0 

— I 
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A  test  of  endurance  differs  materially  from  one  of  strength.  The 
former  recjuires  a  succession  of  small  impulses  for  action,  extending  over 
a  long  period  of  time ;  the  latter,  a  strong  impulse  for  action  for  only  a 

Table  X. 
Comparison  betw. 'en girth  m*asareniints  and dyn.im:>metric pressure. 

Dynamometer  gains.     . 

R  L 

7.6  13.5 

TypeC.  H.  13  5  15.9  10.5 

5  9  3-6 

9.8  9.2 

3.6  —2.8 

Type  D.  I.  o  — 4  2.7  4. 1 

—2.3  3-6 

1.3  1.6 

moment  of  time.     The  two  tests  are  very  unlike,  and  may  require  the 
development  of  entirely  different  factors. 

The  effect  of  practice  on  the  ability  to  resist  fatigue  and  pain. 

Some  important  facts  were  noted  from  the  observations  made  in  respect 
to  fatigue,  pain  and  soreness,  due  to  exercise ;  and  also  in  respect  to 
the  condition  of  the  muscle,  before  and  after  practice.  At  the  initial 
test  the  fatigue  was  local  for  both  right  and  left  arms,  and  was  limited  to 
pain  in  the  attachments  of  the  biceps  muscles  at  the  shoulder  and  elbow. 
'J'he  biceps  itself  did  not  tire.  No  general  feeling  of  fatigue  was  ex- 
perienced. For  a  few  days  after  the  initial  test  the  muscles  and  tendons 
of  both  arms  were  very  sore,  so  that  practice  was  quite  materially  in- 
terfered with.  No  marked  difference  could  be  detected,  by  sight  or  pres- 
sure, between  the  muscular  condition  of  the  right  and  left  arms. 

At  the  fmal  test  fatigue  was  more  general.  K.  was  completely  '*  tired 
out."  Subject  I.  *' ached  in  knees  and  back,"  was  very  nervous  and 
could  not  sleep  the  first  night  after  the  test ;  his  arms  felt  numb  with  a 
tendency  to  **  go  to  sleep."  J.  experienced  a  great  thirst  during  the 
test.  When  local  pain  was  felt  at  all  it  was  generally  in  the  tendons,  as 
at  the  initial  test.  Very  little  soreness  either  in  the  right  or  left  arm 
was  experienced  as  a  result  of  the  final  test.  When  the  muscles  were 
])ressed  with  the  finger  a  slight  difference  could  be  noted  between  the 
condition  of  the  arms,  the  right  biceps  being  the  firmer.     The  facts  above 
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noted  do  not  hold  for  all  of  the  subjects.     The  data  could  hardly  be  ex- 
hibited in  a  table,  so  they  have  been  summed  up  in  general. 

We  may  draw  several  conclusions  from  the  facts  observed  in  regard  to 
fatigue,  pain  and  soreness.      ( i )   Practice  so  inured  the  right  arm  to  its 
work  that  in  the  final  test  general  fatigue  came  on  before  local  fatigue. 
This  hardening  process  was  transferred  in  a  striking  degree  to  the  unused 
side.     In  a  work  of  endurance  the  tendons  seem   to  weaken  before   the 
muscles  themselves.      (2)  By  practice  the  right  arm  reached  such  a  con- 
dition that  the  after-effects  of  local  soreness  from  continued  exertion  were 
avoided.     This  was  found  equally  true  of  the  unused  side.      (3)   As  far 
as  could  be  judged  from  the  examination  by  pressing  the  muscles  with  the 
fingers  and  from  the  amount  of  work  done  by  both  arms,  the  right   arm 
had  attained  a  fineness  of  condition  not  shared  in  by  the  left. 

The  immediate  effects  of  exercise  on  girth  measurements. 

In  order  to  determine  if  the  blood  circulation  on  one  side  of  the  body 
varied  with  the  exercise  of  the  other  side,  measurements  of  the  biceps, 
contracted  and  relaxed,  were  taken  in  the  order  R,  Z,  before  the  exercise 


G. 
H. 
B. 
I. 

J- 
K. 


Tablk 

XI. 

67; //i  measurements  beji 

ore  and  after  exercise. 

Biceps. 
1st  Mcas. 

Biceps. 
2cl  Meas. 

Liain 
over  1st. 

I^iceps 
3d  Meas. 

Gain 
over  1st 

R 

L 

R 

L 

R 

L 

R 

L 

R 

L 

c 

R 

288 
232 

269 
226 

293 
245 

268 
228 

5 
13 

— I 

2 

293 
240 

211 
240 

5 
8 

8 
14 

C 
R 

283 
246 

271 
241 

298 
256 

268 
239 

15 
10 

—3 

— 2 

290 
261 

273 
246 

7 
5 

2 
5 

C 
R 

293 
255 

296 
256 

307 
267 

300 

255 

14 

12 

4 
— I 

296 
260 

303 
270 

3 
5 

7 
14 

C 
R 

338 
281 

320 
277 

348 
294 

320 
276 

10 
13 

0 

— I 

347 
291 

330 
292 

9 
10 

10 
15 

C 
R 

312 
264 

302 
262 

318 
274 

304 
260 

6 
10 

2 

314 

265 

315 
270 

2 
I 

13 
8 

C 

280 

262 

290 

261 

10 

— I 

211 

270 

—3 

8 

R 

239 

230 

252 

231 

13 

I 

243 

238 

4 

8 

A 

\verage 

C 
R 

10 
12 

Average 

8 
103 

C— < 

Contracted. 

R- 

-Relaxed 

• 

with  the  dumbbell ;  then  in  the  order  R,  Z,  immediately  after  the  test 
with  the  right  arm;  and  finally  in  the  order  Z,  Ry  immediately  after  the 
test  with  the  left  arm.  The  measurements  given  in  Table  XI.  do  not  show 
a  corresponding  variation  in  both  members. 

In  the  second  set  of  the  measurements  there  was  an  average  increase  of 
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.mm 


10  '""',  or  3%,  in  the  girth  of  the  right  biceps  contracted,  and  of  12' 
or  5%,  in  the  same  relaxed.  There  was  no  increase  in  the  left  arm^ 
hut  rather  a  decrease  in  size.  The  fact  that  the  increase  in  right  arm 
was  greater  in  the  relaxed  condition,  may  be  explained  mechanically. 
The  sur[)lus  of  blood  due  to  exercise  was  actually  squeezed  out  of  the 
muscle  when  it  was  rigidly  contracted. 

The  increase  in  the  size  of  the  right  arm  is  probably  due  to  two  effects 
of  exercise  :  ( i )  the  rush  of  blood  to  the  muscle,  shown  by  the  disten- 
tion of  the  superficial  veins;  and  (2)  the  swelling  of  the  muscle  due  to 
the  production  of  heat  and  waste  products.  After  K.  had  completed  his 
test,  a  marked  difference  in  temperature  was  noted  between  the  biceps 
and  the  triceps.  The  fact  was  evident  even  to  the  sense  of  touch.  The 
triceps  felt  cold  in  the  comparison. 

In  the  third  set  of  measurements  taken  immediately  after  exercising 
the  left  arm,  this  member  was  found  to  have  increased  in  girth,  while  the 
right,  due  to  its  quiescence,  had  already  lost  much  of  its  former  gain.  In 
J.  and  K.,  who  made  the  highest  number  of  flexions  with  the  left  arm,  the 
former  increase  made  by  the  right  is  practically  all  lost. 

Three  facts  would  seem  to  show  that  the  circulation  of  the  side  not  exer- 
cised does  not  tend  to  vary  in  accordance  with  that  of  the  side  exer- 
cised :  (i)  the  negative  results  in  the  left  arm  measurements  taken  after 
the  exercise  of  the  right;  (2)  the  rapid  decrease  in  girth  of  right  arm, 
after  its  exercise,  even  though  the  left  was  then  exercising  ;  (3)  the  very 
manifest  difference  between  the  temperature  of  used  and  unused  muscles 
in  close  proximity.  The  facts  would  indicate  rather  a  variation  of  blood 
circulation  in  the  opposite  direction. 


Table  XII. 

Amount  of  Practice, 

► 

Total  number 

Days 

Av. 

flex's. 

per 

Time 

of  flexions. 

of 

practice. 

day. 

of  exercise. 

(;. 

4900 

12 

408 

Evening. 

H. 

5500 

12 

458 

Evening. 

H. 

3100 

12 

258 

Eve.  and  mom. 

I. 

3900 

12 

325 

Eve.  and  morn. 

J. 

1050 

18 

"5 

Evening. 

K. 

6300 

21 

300 

Morning. 

Average  4125  WA  3^° 

Amount  of  practice. 

For  the  practice  experiments  the  instructions  were  not  to  tire  or  over- 
work the  muscle  but  to  ejfercise  lightly  and  frequently.     To  show  the 
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■amount  of  practice  done  Table  XII.  was  prepared  from  the  subjects*  notes. 
The  duration  of  practice  averaged  14^  days.     The  average  member  of 
flexions  in  each  day's  practice  varied  from  115  to  458,  the  total  average 
being  310.     The  time  of  exercise  was  either  early  morning  or  late  even- 
ing.    No  correlation  could  be  discovered  between  the  length  and  time  of 
practice  and  the  girth  gains,  or  the  number  of  flexions  and  the  girth  gains. 
The  two  subjects,  J.  and  K.,  who  continued  the  practice  over  the  longest 
period  of  days  made  the  greatest  gains  at  the  final  test  in  the  number  of 
flexions  of  the  left  arm.    The  average  of  the  periods  of  practice  was  19  J^ 
•days  and  their  average  gain  in  flexions,  369.     For  the  other  subjects  the 
period  of  practice  was  12  days  and  their  gain  in  the  left  arm  flexions  only 
83.     This  indicates  that  the  transference  of  the  effects  of  practice  is  not 
immediate,  but  occurs  after  the  effects  are  noticeable  on  the  side  prac- 
ticed. 

Table  XIII. 


Companion 

of 

results. 

Subjects 

< 

Conditions. 

f- 
1 

Results. 

1 

5 

A 

B 

C 

3 

E 

F 

4 

y 

R 

L 

R 

L 

R 

L 

R 

z 

G. 

28 

12 

408 

5 

—5 

I 

— 2 

820 

200 

3.6      - 

-2.8 

H. 

26 

12 

458 

n 

6 

13 

10 

950 

30 

7.6 

135 

B. 

29 

12 

258 

6 

II 

13 

5 

900 

75 

159 

10.5 

I. 

26 

12 

325 

8 

3 

0 

—4 

750 

75 

2.7 

4.1 

J. 

26 

18 

115 

2 

0 

3 

I 

400 

225 

5-9 

36 

K. 

24 

21 

300 

4 

2 

— I 

3 

724 

514 

—2.3 

3.6 

Average 

26  i 

ul 

310 

6} 

A 

4; 

2,f 

757 

178 

5-56 

541 

A,  subjc 

:ct's 

age. 

E, 

girth  gains  of  forearm, 

contracted. 

B,  pract 

ice  period  in 

days. 

F, 

gains  in  number  of  flexions. 

C,  daily  average  number  of  flexions.  G,  gains    in    dynamomctric    pressure,     in 

D,  girth  gain  of  biceps,  contracted,  in  mm.  kilos 

Summary, 

Table  XIII.  is  intended  to  exhibit  at  a  glance  the  important  conditions 
of  the  dumbbell  test  and  the  results  obtained  in  relation  to  the  amount  of 
practice.  For  example,  H.,  26  years  of  age,  during  a  period  of  12  days, 
by  lifting  a  weight  of  2]^  kilos,  with  the  right  arm  458  times  each  day, 
increased  the  girth  of  the  right  biceps  by  13°"";  of  left  by  6""".  The 
averages  give  the  results  which  may  be  expected  with  the  given  condi- 
tions. The  figures  would  vary  undoubtedly  with  another  set  of  subjects 
or  should  any  of  the  im])ortant  conditions  be  changed.  1  he  general 
•condition  to  be  emphasized  is  that  by  practice  of  one  side  of  the  body 
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in  muscular  power  the  other  side  shares  in  the  gain  in  size,  strength  and 
endurance. 

IV.  Accuracy  of  voluntary  effort. 

Lunging  at  a  target  with  a  fencer's  foil  was  chosen  as  a  suitable  ex- 
ercise to  educate  the  subjects  in  accuracy  and  coordination.  It  is  a  com- 
plicated movement,  involving  the  simultaneous  action  of  many  muscles 
and  muscle  groups.  These  coordinated  muscles  are  in  some  cases  re- 
mote from  one  another.  Accuracy  in  the  movement  may  be  cultivated 
to  considerable  fineness.     Attention  is  essential  to  such  accuracy. 

The  lunge  used  in  this  work  was  that  taught  by  the  French  school  of 
fenc  ing.  It  is  described  as  follows  :  ( i )  The  subject-^when  lunging  right- 
handed — at  the  command  **  Ready,"  assumes  a  position  with  the  right 
side  to  the  target,  left  foot  parallel  to  the  target,  right  foot  in  advance  a 
short  step  and  at  right  angles  to  the  left,  knees  slightly  bent,  body  per- 
pendicular, left  arm  bent  over  the  head,  right  arm  with  foil  in  hand 
supine,  right  elbow  bent  and  foil  pointed  at  the  target.  (2)  At  the  com- 
mand '*  Lunge,"  the  following  movements  are  executed  simultaneously  : 
the  whole  body  is  thrown  forward  toward  the  target  but  the  trunk  is  still 
perpendicular ;  the  right  foot  is  advanced  a  long  step,  but  with  knee  still 
bent ;  the  left  foot  is  kept  in  its  place  and  the  left  leg  extended ;  the  left 
arm  drops  to  the  back ;  the  right  arm  is  extended. 

In  this  way  the  foil  is  advanced  at  the  target.  This  lunge  was  taught 
as  rapidly  as  possible  during  the  practice.  It  required  about  a  week  for 
the  subjects  to  learn  it  with  any  degree  of  grace  and  precision.  They 
were  allowed  to  practice  the  movements,  right-handed,  in  their  rooms  but 
no  rec  ords  of  accuracy  were  made  except  at  the  regular  practice  hour,  in 
the  presence  of  the  investigator.  The  practice  continued  in  most  cases 
for  10  days. 


£ 


Fig.  3. 

Apparatus. 

'A  tack  was  soldered  to  the  point  of  an  ordinary  fencer's  foil.  (Fig.  3. ) 
The  tack  was  filed  to  a  sharp  point  of  3"""  length.  A  rubber  cap  was 
adjusted  firmly  over  the  end  of  the  foil  so  that  the  point  of  the  tack  was 
hidden.  \\  hen  the  foil  was  thrust  against  the  target,  the  rubber  was 
compressed  so  that  the  tack  protruded  enough  to  pierce  the  paper;  the 
elasticity  of  the  rubber,  as  the  foil  was  drawn  away,  preventing  any  tear- 
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ing  of  the  paper  that  otherwise  would  have  been  caused.  The  target 
(Fig.  4)  was  devised  by  Dr.  Scripture.  It  was  composed  of  two  boards 
60™  »{uare,  and  t™  and  i™  thick.  The  lighter  swung  on  the  heavier 
one  by  a  hinge  at  the  top,  thus  forming  a  cover  over  it.  A  disc  47™ 
in  diameter  was  cut  out  of  the  thin  board  so  that  the  center  of  the 
circle  and  the  center  of  the  boards  coincided.  At  the  ends  of  the 
perpendicular  and  horizontal  diameters  of  the  circle,  four  small  nails 
with  sharpened  tops  were  inserted  into  the  back  board.  Thin  white 
wrapping  paper  was  used  for  targets.  To  place  a  target  the  thin  cover- 
board  was  raised,  the  paper  was  pressed  down  on  the  four  nail  points, 
the  cover  was  lowered   and   firmly  clamjied.      The  whole  target   was 


securely  fastened  against  the  wall  at  the  height  of  i  '^  "'.  To  center 
the  target:  a  stick  (Fig.  4)  was  fitted  into  two  sockets  on  the  cover. 
A  nail  with  a  shar]>  top  was  fi.<[ed  in  the  middle  of  the  stick,  so  that  it 
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coincided  with  the  center  of  the  target.  When  the  paper  had  been  ad- 
justed, the  stick  was  placed  in  the  sockets  and  by  pressure  on  its  upper 
surface  the  nail  on  its  lower  surface  was  driven  through  the  paper  into 
the  center  of  the  target.  The  stick  was  then  removed,  and  a  black  pin 
15'"™  long,  with  a  head  2)^°""  in  diameter,  was  inserted  into  the  cen- 
ter to  serve  as  a  point  to  aim  at.  For  each  subject  a  distance  from 
the  target  was  chosen  which  seemed  best  adapted  for  his  reach  with  the 
foil.     This  distance  remained  constant  for  him  during  the  entire  practice. 

Characteristics  of  the  subjects. 

Four  of  the  subjects  were  college  freshmen,  one  a  graduate  student, 
and  one  a  draughtsman. 

'J'heir  individual  characteristics  may  be  indicated  in  the  following 
manner  : 

I.  Age,  twenty-six.  Graduate  student.  Temperament,  nervous. 
Gymnast  and  athlete. 

L.  Age,. seventeen.  Temperament,  nervous.  Ambidextrous.  Gen- 
eral training  in  athletics. 

M.  Age,  seventeen.  Temperament,  phlegmatic.  No  gymnastic  train- 
ing. 

N.  Age,  twenty -two.  Draughtsman.  Temperament,  motor.  Gen- 
eral training  and  especially  in  gymnastics.     Ambidextrous. 

O.  Age,  eighteen.  Temperament,  motor.  No  systematic  bodily 
training. 

R.  Age,  eighteen.  Temperament,  nervous.  No  special  training  ex- 
cept farm  work 

The  average  age  of  19^3  years  should  be  favorable  for  increase  in  ac- 
curacy and  coordination. 

Method  of  experiment. 

For  the  test  the  subject  was  allowed  either  to  dress  in  a  gymnasium 
suit  or  to  wear  his  ordinary  clothes.  In  the  latter  case,  however,  the 
coat,  collar  and  tie  were  removed  to  allow  of  free  movement  in  lunging. 
After  the  manner  of  dressing  had  been  chosen,  it  remained  the  same  for 
each  subject  throughout  the  tests  and  all  the  practice  exercises. 

None  of  the  subjects  had  fenced  previously  to  the  experiments.  When 
the  subject  came  into  the  room  for  the  first  time,  the  lunging  movement 
Avas  described  carefully,  but  briefly,  and  each  was  allowed  two  or  three 
preparatory  lunges — right-handed — before  a  record  was  taken.  Then, 
at  the  command  '*  Ready,*'  he  assumed  the  position,  and  at  "  Lunge," 
he  thrust  the  foil  at  the  target.     The  observer  stood  ready  with  his  pencil 
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and  marked  the  hole  in  the  paper  with  a  figure  i.  The  lunge  was  im- 
mediately repeated  until  a  record  of  ten  thrusts  was  obtained.  The  paj)er 
was  then  removed  and  a  fresh  one  placed  in  the  target.  Any  important 
observations  were  also  noted  down.  After  five  minutes  the  exp>eriment 
was  repeated  with  the  left  hand. 

The  subject  was  practiced  for  ten  days  in  thrusting  with  the  ri^/U  hand. 
Ten  thrusts  were  allowed  for  each  daily  practice.  At  the  end  of  the 
practice  period,  the  initial  test  was  repeated  to  compare  gains  in  the  right 
and  left  arms.  Notes  were  also  taken  in  respect  to  improvement  in  form 
of  lunging.  The  tests  were  all  taken  about  3  P.  M.,  and  for  each  sub- 
ject all  the  conditions  were  kept  as  nearly  as  possible  the  same. 

Results, 

The  figures  tabulated  in  Table  XIV.  are  distances  in  mm.    from  the 
center  of  the  target  and  are  the  averages  for  ten  thrusts.    Subjects  L.  and  N, 


Table  XIV. 

Increase 

in  accuracy  of 

lunging. 

Initial. 

Final 

1. 

Gain. 

Relative 

gain. 

Age. 

R 

L 

R 

L 

R 

L 

R 

L 

I.             26 

21.8 

46.0 

16.8 

34.5 

5.0 

II. 5 

0.22 

0.25 

L.            17 

36.2 

39-9 

254 

27.2 

10.8 

12.7 

0.29 

0.30 

M.           17 

49.8 

72.8 

25.3 

44-4 

24.5 

28.4 

0.49 

0-39 

N.           22 

56.2 

50-4 

25-7 

35.4 

30.5 

15.0 

0.54 

0.29 

0.            18 

80.2 

86.5 

25.5 

32.7 

54.7 

53.S 

0.63 

0.62 

R.            18 

59.2 

47-9 

27.5 

44.9 

31-8 

30 

0-53 

0.06 

Average   19/3 

505 

57.2 

24.3 

36.5 

26.2 

20.7 

0.51 

0.36 

are  practically  ambidextrous,  and  in  right  and  left  initial  tests  they  give 
average  results  not  very  widely  separated.  R.  shows  greater  accuracy 
with  the  left  than  with  the  right  although  he  is  right-handed.  In  the 
final  tests  the  right  hand  is  more  accurate  in  all  cases.  In  three  cases 
the  left  has  made  the  greater  gain  in  millimeters;  in  the  other  three,  the 
right.  P'our  subjects  made  greater  relative  gains  with  the  right  arm  ; 
two,  with  the  left  arm.  The  final  averages  show  that  the  right  arm  is  the 
more  accurate.  In  the  initial  tests  the  average  difference  between  right 
and  left  is  6.7""°.  In  the  final  tests  the  difference  is  12.2°".  Hence 
the  right  has  made  the  greater  average  gain,  the  difference  being  5.5™°* 
in  favor  of  the  right. 

Table  XV.  gives  the  probable  error,  expressed  in  millimeters  and  also 
in  per  cent,  of  subjects  O.  and  I.     The  point  to  be  noted  especially  is 
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that  the  probable  error  of  the  left  arm  has  decreased  as  well  as  that  of  the 
right,  though  in  each  case  the  decrease  is  greater  in  the  right. 


Probable  error. 

A'  L 

f  In         12  46      12.02 
\  F.  2  86        3  62 


Table  XV. 

Decrease  of  probable  error^ 

Probable 
error  in   %.  Probable  error. 

R  L  R  L 

In. 


15.5       »3  9 
II. 2       II 


"•  {  y. 


31.2  4.92 

1.84       3.74 


Probable 
error  in  %. 

R  L 

14  3       16.9 
10.9       10.8 


Figs.  5  and  6  were  constructed  to  illustrate  the  increase  in  accuracy 


Fig.  5. 


Fic;   6. 


due  to  practice  in  lunging.  The  cuts  exhibit  the  facts  given  in  Table 
XIV.  The  average  distances  from  the  center  in  the  initial  tests  are  indi- 
cated by  the  outer  circles  ;  the  distances  in  the  final  tests  by  the  inner  ones. 

The  effect  of  previous  training. 

The  fact  that  the  left  does  not  gain  so  much  as  the  right  is  emphasized 
by  the  consideration  that,  since  the  right  arm  is.  to  begin  with,  more  ac- 
curate than  the  left,  there  is  less  opportunity  for  it  to  make  large  gains. 
There  is  a  point  beyond  which  increase  in  accuracy  is  extremely  slow. 
The  largest  gains  were  made  by  subject  O.  whose  initial  records  were 
the  most  inaccurate  of  all.  The  smallest  gains  were  made  by  subjects  I. 
and  L.  whose  initial  records  were  the  most  accurate. 

Subject  I.,  who  is  a  trained  man  physically  through  gymnastics  and 
athletics,  made  the  most  accurate  average  initial  record.     He  was  able 
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after  1 5  days*  practice  to  lower  the  record  of  the  right  arm  by  5"",  and 
that  of  the  left  arm  by  1 1.5"".  M.  and  O.,  who  were  very  inaccurate  at 
the  initial  test,  had  had  no  special  bodily  training ;  at  this  {>articular  test 
of  accuracy  they  made  great  improvement.  The  others  did  not  exhibit 
striking  characteristics  in  the  records ;  they  were  men  of  average  bodily 
training.  An  exception  to  the  preceding  statement  is  to  be  made  in  the 
case  of  R.,  in  whose  case  the  left  hand  was  superior  to  the  right  in  the 
initial  test  and  made  only  a  small  gain. 


Fir,.   7. 
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Fig.  8. 
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X^  upper  line,  serial  number  of  thrust. 

A',  lower  line,  successive  steps  in  subject's  practice. 

Yy  distance  from  center  of  target. 


It  is  probable  that  accuracy,  steadiness  and  coordination,  when  secured 
through  any  means  of  training,  make  their  influence  felt  in  any  test  that 
requires  such  (]ualities  for  its  successful  performance. 
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Xy  upper  line,  serial  number  of  thrust. 

-V,  lower  line,  successive  steps  in  the  subject's  practice. 

)',  distance  from  center  of  target. 

Influence  of  practice  on  average  accuracy. 

The  cunes  in  Figs.  7,  8,  9,  and  10  were  made  to  illustrate  the  aver- 
age accuracy  of  the  successive  thrusts  in  the  initial  and  final  tests.  X 
indicates  the  number  of  the  thrust  in  the  series  of  ten,  and  Kthe  distance 
in  millimeters  from  the  center  of  the  target.  The  initial  and  final  records 
of  subjects  I.,  M.,  O.  and  R.  were  averaged  to  form  the  curves,  the  records 
of  L.  and  N.  having  been  cast  out  because  these  subjects  were  ambidex- 
trous. 


36  Waiter  W.  Darts, 

In  Fig.  7  (initial  test  for  the  right  hand  lunge)  the  curve  is  irregular, 
reaching  its  greatest  inaccuracy  at  the  fourth  thrust.  At  the  final  test  for 
the  right  hand  lunge  (Fig.  8)  the  curve  is  more  regular,  but  resembles 
the  initial  cur\'e  in  still  being  most  inaccurate  at  the  fourth  thrust.  The 
cur\'e  for  the  initial  test  for  the  left  hand  lunge  (Fig.  9)  shows  an  increase 
inaccuracy.  The  curve  for  the  final  test  of  the  left  hand  lunge  (Fig.  10) 
has  been  changed  very  materially  by  the  practice  of  the  right  arm.  The 
most  important  fact  shown  by  the  curves  is  that  by  the  right  arm's  prac- 
tice, both  right  and  left  have  gained  greater  steadiness  and  uniformity. 
In  the  final  tests  each  thrust  is  more  nearly  an  average  thrust. 

Coordination  of  Movement, 

Accuracy  and  coordination  are  closely  connected.  Accuracy  def)ends 
in  great  part  upon  a  delicate  coordination  of  muscle  groups  and  of  motor 
centers.  A  few  facts  in  respect  to  the  subject*^  **  form"  during  his  [per- 
formance of  the  lunges  are  here  presented  ;  the  term  * '  form*  *  is  used  to 
mean  the  grace  and  precision  with  which  the  movement  is  executed. 

When  the  foil  was  handed  to  the  subject  for  the  first  time,  he  was  in- 
structed how  to  use  it  right-handed.  After  the  short  rest  between  right 
and  left  tests,  he  was  asked  to  lunge  left-handed,  but  no  additional  in- 
structions were  given.  In  most  cases  there  was  no  confusion  resulting 
from  the  change  of  side,  though  the  form  was  not  so  good.  At  the 
final  test  the  same  points  were  obser\'ed,  with  the  following  results. 

I.  Movements  with  the  left  hand  were  executed  correctly  and  in  order, 
but  a  certain  awkwardness  was  experienced. 

L.    (ambidextrous).     Form  almost  perfect  with  the  left  hand. 

M.  Was  not  able  during  the  practice  to  learn  to  dispose  of  the  left 
hand  properly.  He  always  forgot  to  lower  it  when  executing  the  lunge. 
This  same  trouble  was  experienced  at  the  final  test  with  both  right  and 
left  hands.     Otherwise  the  form  was  good,  both  right  and  left. 

N.  (ambidextrous).  He  remarked  that  it  was  easier  to  lunge  left- 
handed  than  right-handed. 

O.   Form  not  so  good  left-handed  as  right-handed. 

R.  Not  at  ease  left-handed.  This  shows  in  the  records.  Very  little 
gain  was  made  for  the  left  arm. 

In  general,  the  movements  necessary  to  the  lunge  are  learned  for  the 
left  side  by  practicing  the  right.  Yet  there  is  a  perfection  of  grace  and 
a  fineness  of  coordination,  that  are  attained  only  by  the  actual  practice  of 
the  me  nber  under  consideration. 
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Accuracy  of  skilled  fencers. 

The  records  of  four  experienced  fencers,  all  of  whom  teach  the  art, 
were  secured  and  are  shown  in  Table  XVI.  Of  these  F. L. ,  N.L.  and  G.  M. 
teach  with  the  foil  in  the  right  hand  and  have  never  fenced  left-handed. 
WA.  though  right-handed,  teaches  with  the  foil  in  the  left  hand.     For 


Table  XVI. 
A  comparison  of  the  accuracy  of  skilled  and  unskilled  fencers. 


F.L. 
N.L. 
G.M. 
Average 

W.A. 

Six  su])jectsof  Table  XTV.  (  ^"^^**^- 

C  Final. 


Average  accuracy.      Average  of  R  and  L. 


R 
42.6 

24.9 
50.5 

24.3 


L 

63.3 
58.9 

51.6 

57_? 
23.8 
57.2 
36.5 


49.8 

50.7 
46.0 

48.8 

243 
53.8 
30-4 


comparison  with  these  records,  the  table  gives  those  of  the  six  subjects  of 
investigation.  The  experienced  fencers  who  had  taught  right-handed 
were  not  able  to  equal  in  accuracy  the  six  subjects  who  had  been  practiced 
for  ten  days  ;  in  fact  they  were  not  greatly  better  than  those  subjects  at  the 
initial  test.  W.A.  is  physically  a  perfectly  trained  man,  and  a  teacher  of 
gymnastics.  These  facts,  together  with  his  left-handed  teaching,  probably 
account  for  his  accuracy.  The  inaccurate  records  of  F.L.,  N.L.  and  G.M. 
may  be  explained  in  two  ways,  (i)  In  fencing,  accuracy  is  not  culti- 
vated to  any  great  extent,  *  but  skill  in  parrying  and  the  ability  to  get  the 
thrust  in  at  the  right  moment  are  considered  the  essential  points.  (  2  )  Much 
of  the  accuracy  of  the  six  subjects  is  due  to  their  practice  under  exactly 
the  same  circumstances.  Possibly  skilled  fencers  would  be  enabled  to 
make  unusually  accurate  records  by  a  few  days  of  similar  practice. 


Ratio  of  accuracy  between  right  and  left  arms. 

Table  XVIL  shows  the  ratios  in  accuracy  between  right  and  left  arms. 
With  one  exception,  the  ratio  has  increased,  as  the  result  of  the  practice 
with  the  right  arm.  It  is  significant  that  the  average  final  ratio  of  the  six 
subjects  is  nearly  the  same  as  the  average  ratio  of  F.L.,  N.L.  and  G.M. 
For  W.A,  who  fences  with  either  the  right  or  the  left  hand,  the  right  and 
left  sides  are  practically  equally  accurate. 


'  S(  kii'TrRK,    Tests  of  mental  ability  as  exhibited  in  fenci'g^  Stud.  Yale  Psych.  I-ab. 
1S94  II   123. 
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Table  XVII. 

Initio] 

ntio. 

Filial 

ntio. 

R 

L 

R 

Z 

I. 

2.  II 

2.05 

L. 

M. 

N. 

O. 

I.02 

1.46 
0.89 

i.oS 

1.07 

'  75 
«-37 
1.28 

R. 

0.80 

I 

I  63 

Avenge 

I  13 

I  50 

F.L. 
N.L. 
G.M. 

I  74 

1.3S 
1.27 

Average 
W.A. 

1>5 

In  the  case  of  the  skilled  fencers,  very  little  difference  could  be  de- 
tected between  the  "  form  "  of  the  right  and  the  left  sides.  The  fencers 
themselves  were  surprised  to  find  it  so  easy  to  lunge  left-handed.  Not 
only  was  there  no  apparent  awkwardness,  but  the  new  movement  was  ex- 
ecuted with  a  considerable  degree  of  precision  and  accuracy. 


Fatigue, 

The  test  was  too  short  to  allow  the  element  of  fatigue  to  enter  to  any 
extent.     In  many  individual  records,  however,  fatigue,  or  what  produced 
similar   effects,    was   present.     Figs.    11,    12  and    13    are    curves  con- 
structed from  individual  records.     X  is  the  number  of  the  thrust  in   the 
series,    K,  the  distance  of  the  thrust  from  the  center  of  the  target.     The 
curve  in  Fig.  11,  a  practice  record  of  subject  L.,  shows  a  tendency  to  im- 
provement in  accuracy  which  is  regular  till  the  eighth  thrust.     After  this, 
fatigue  seems  to  come  in  and  the  accuracy  decreases  with  the  tenth.      In 
Fig.  12  the  cur\'e  of  M.  shows  improvement  till  the  fifth  thrust,  in  which 
the  center  is  struck.     Fatigue  appears  earlier  in  this  record  and  there  is  a 
general  decrease  in  accuracy  to  the  end  of  the  record.     In   no  case  did 
the  subjects  complain  of  fatigue,  but  the  observer  could  detect  a  wavering 
of  the  foil    point  toward    the   end  of  records  like    Figs.    11  and    12. 
Though  the  subject  was  not  conscious  of  it,  the  fatigue  was  evident  in  the 
decrease  of  accuracy  and  in  the  unsteadiness  of  the  foil. 
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Fig.  13. 
A',  upper  line,  serial  number  of  thrust. 
A',  lower  line,  successive  steps  in  subject*s  practice. 
}',  distance  from  center  of  target. 
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l-IG.    14. 


In  N.*s  fourth  practice  record,  shown  in  Fig.  13,  there  is  no  great 
variation  from  the  first  thrust.  After  each  thrust  the  subject's  nervous 
equilibrium  is  reestablished  before  the  next  thrust  is  made. 

The  form  of  any  individual  curve  is  dependent  on  three  factors.  (i) 
The  condition  of  the  nervous  and  muscular  systems.     The  exercise  of 

the  nerves  and  muscles  in  lunging  tends  to 
improve  their  condition  and  hence  accuracy 
is  increased.  If  the  system  is  in  prime 
condition,  due  to  other  exercise  just  prev- 
ious, this  factor  does  not  enter  in  largely. 
(2)  Fatigue.  This  factor  is  more  likely  to 
affect  the  latter  part  of  the  curve.  (3)  Re- 
covery. This  factor  is  in  opposition  to 
(2).  If  the  system  is  able  to  recover  itself 
completely  after  each  thrust  the  effects  of 
(2)  are  counterbalanced.  In  Fig.  9  the 
average  of  left  initial  test,  factor  (i)  is  evi- 
dent. The  accuracy  increases  from  the  first 
to  the  last  because  the  condition  of  the  nervous  and  muscular  systems  is 
being  improved  by  exercise.  In  Fig.  12,  factor  (i)  is  evident  in  the 
first  part,  factor  (2)  in  the  last  part.  In  Fig.  13,  factor  (2)  is  counter- 
balanced by ( 3 ) . 

Types  of  grouping. 

When  the  records  were  measured  the  position  of  each  thrust  point  was 
taken,  and  also  its  angle 
with  a  horizontal  line 
passing  through  the 
center.  The  subjects  were 
rather  inclined  to  group 
their  records  in  a  particu- 
lar manner.  Fig.  14  il-  ^ 
lustrates  a  type  of  group- 
ing that  was  generally 
given  by  N.  It  is  the 
same  record  as  that  shown 
in  Fig.  13,  and  is  what 
may  be  termed  an  aver- 
age record.     There  are  5 

minus  and  5  plus,  5  right  Fk;.  15 

and  5  left  thrusts,  and  the  accuracy  is  fairly  constant. 

Fig.  15  illustrates  a  different  kind  of  grouping.     With  the  exception 
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of  the  5th,  the  thrust-points  are  in  a  line,  extending  from  R  •\-  to  Z  — . 
Two  of  the  subjects  were  quite  apt  to  make  such  groups. 

In  Fig.  16  are  represented  both  right  and  left  records  of  W.A.,  who  is 
tMjually  proficient  with  both  hands.  The  right  hand  thrust-points  are 
indicated  by  crosses,  the  left  by  dots.  Line  ^^  is  drawn  from  ^  +  to 
Z  —  a  little  to  the  left  of  the  center.  All  the  right  hand  thrusts,  with 
one  exception,  are  above  to  the  left  of  AB,  All  the  left  hand  thrusts, 
Avith  one  exception,  are  below  to  the  right  of  this  line.  A  similar  ar- 
rangement of  thrusts  was  made  by  the  other  skilled  fencers,  though  not 
in  so  marked  a  degree. 

The  following  facts  may  be  noted  from  a  study  of  the  groups:  (i) 
Most  of  the  groups  are  similar  to  Fig.  16, — right  hand  thrusts  to  the 
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left  of  the  horizontal  line,  left  hand  thrusts  to  the  right.  (2)  The  ten- 
dency to  make  such  groups  is  more  marked  in  skilled  fencers.  (3)  The 
tendency  increased  in  the  six  subjects  during  the  practice.  (4)  The 
i^^roups  are  most  marked  and  distinct  in  the  records  of  W.A.,  who  has 
fenced  with  both  right  and  left  hands. 

There  is  some  evidence,  then,  to  conclude  that  the  influence  causing 
the  group  records  is  unequal  muscular  development.  The  muscles 
chietly  used  in  the  lunge  are  emphasized  by  practice  and  by  their  exces- 
sive contraction  i)ull  the  arm  to  the  other  side  of  the  body,  thus  produc- 
ing a  one -sided  record.  This  unequal  muscular  development  is  trans- 
ferred to  the  symmetrical  muscles  on  the  other  side.     The  influence  in 
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jrro'iping  i^..  therefore,  peripheral  and  not  central  or  mental.      The  cL'e!* 
infljen^e  at  work  in  regulating  the  accuracy  is  central  or  mental. 

V.     I>IVERMON    n|    RNERCr. 

The  following  experiments  were  undertaken  with  the  hope  that  thev 
might  help  to  furnish  some  explanation  of  cross-education. 

Apparatus. 

This  wa<i  the  same  as  that  used  in  the  tapping  test  first  descril^. 
except  that  another  key  was  clam{/ed  to  the  lap  board ,  to  allow  one  for 
each  hand. 

Method  of  experiment. 

Records  of  five  seconds  of  taj*ping  were  taken  for  the  right  hand,  both 
taj/ping  alone  and  also  in  connection  with  the  other  members.  The 
records  were  taken  in  the  following  order:  (<jj  direct,  (i)  right  hand 
alone,  ^2)  right  and  left  hands  together,  ^'3)  lK>th  hands  and  right  foot, 
( ^)  Unh  hands  and  botli  feet :  ( b )  reversed,  in  the  order  (4),  (3),  (  2  s 
(i ;.  In  all  cases  only  the  right  hand  made  a  record.  For  each  subject, 
two  series  of  records  were  taken  on  each  of  four  days.  On  the  first  and 
third  days  the  records  were  taken  in  the  direct  order,  and  on  the  second 
and  fourth  day>  in  the  reverse  order.  When  more  than  the  right  hand 
was  tajiping  no  attempt  was  made  to  have  the  different  members  tap  with 
c<iual  raj^idity.  1'he  subject  was  instnicted  to  devote  as  much  attention 
to  one  incinl>er  as  to  another  and  to  tap  as  fast  as  possible  with  each.  He 
did  not  know  that  the  tapjjing  of  the  right  hand  alone  was  being  re- 
c(^nk(l.  The  seven  subjects  were  Divinity  and  Oraduate  students  of 
\'aie  Tnivcrsity. 

Results. 

Table  XVI II.  gives  the  results  obtained  for  the  seven  subjects. 
The  figures  here  are  made  up  from  two  averages.  The  average  of  two 
tests  in  the  direct  order  was  combined  with  that  of  two  tests  in  the  re- 
versed order. 

From  the  table  it  is  evident :  (i)  that  in  general  the  right  hand  tapped 
more  raj)i(lly  alone  than  in  connection  with  the  other  members,  (2) 
this  different  e  in  rapidity  was  not  so  marked  on  the  third  and  fourth  days 
as  on  the  first  and  second.  Even  so  short  a  practice  made  a  striking 
change.  In  all  (a.ses,  in  the  average  of  the  first  two  days,  the  right  hand 
was  most  rapid  alone;  except  in  the  cases  of  H.  and  V.,  this  difference 
was  marked.  In  the  average  for  the  last  two  days,  in  all  but  two  subjects, 
II.  and  v.,  the  right  alone  w^as  still  more  raj^id  though  the  difference  in 
rapidity  is  small ;  on  the  contrary  H.  and  V.  were  able  to  tap  most  rapidly 
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when  all  four  members  were  tapping.  The  facts  were  generalized  in  the 
final  averages.  In  the  total  average  for  the  right  hand  alone  the  record 
was  36.9  for  the  first  and  second  days,  36.3  for  the  third  and  fourth  days, 
so  that  no  gain  in  rapidity  was  made.  The  right  hand's  total  average  for 
tai)ping  in  connection  with  all  the  other  members  was  for  the  first  days,. 
29.7  and  for  the  last,  34.7,  a  gain  of  5  taps  for  5  seconds,  or  16%. 

Tahi.k  XVIII. 
7 he  influence  of  practice  on  automatic  movements. 


1st  and  2c 

days. 

3d  and  4th  days 

■ 

(I) 

(2) 

(3) 

(4) 

(I) 

(2) 

(3) 

(4) 

H. 

35 

36 

34 

Zl 

36 

37 

38 

39 

S. 

27 

28 

21 

18 

35 

32 

32 

33 

T. 

45 

46 

41 

39 

44 

41 

41 

42 

V. 

38 

35 

33 

36 

33 

34 

35 

36 

X. 

34 

29 

20 

20 

35 

34 

31 

28 

V. 

42 

42 

27 

31 

39 

39 

37 

34 

z. 

36 

31 

32 

28 

31 

31 

27 

28 

'I'otal  averajTC  .    .    .    . 

369 

35.6 

314 

29.7 

36.3 

"34.2 

34.8 

34.7 

Relative  averaj^c  .    ,  . 

1. 00 

0.96 

0.85 

080 

I  00 

0.94 

095 

09s 

( I )   Riglit  hand  alone 

(  2  )    Right  hand  with  left  hand 


(3)  Right  hand  with  left  hand  and  right  foot. 

(4)  Right  band  with  left  hand  and  both  feet. 
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The  last  line  of  Table  XVIII.  shows  the  changes  in  rapidity  that 
occurred  with  a  practice  of  four  days,  giving  the  proportional 
rai)idity  of  the  right  hand  under 
the  different  conditions.  In  the 
tests  of  the  first  two  days  the  right 
hand  lost  20%  of  its  speed  while 
tapping  with  other  members,  in  the 
last  two  days,  only  5%.  Fig.  17 
represents  the  same  facts  in  the  form 
of  a  curve.  X  gives  the  number  of 
members  tapping,  and  K,  the  num- 
ber of  taps  in  5  seconds;  while  only 
the  right  hand  is  being  recorded. 


30 


/ 
0 


z 

I 


% 


Fig.  17. 
Xy  upper  row,  number  of  members  used  in 
The  continuous  line  is  the  average  of  tapping. 
the  first   two   days,  the   dotted   line        X,   lower    row,   number  of  members   in 

that  of  the  last  two  days.    There  is  a  ^^^^^^^^  '°  ^^^^  ^"g^"*' 
,  ,  .       ,  .  , .  K,  number  of  taps  in  5  seconds  made   by 

sharp  descent  in  the  contmuous  line,  ^^^^^^  j^^^^  ^^^^^^  ^^^  ^^^^^  li„^  representing 

while  the  dotted  line  is  more  nearly  j^e  average  for  the  first  two  days  of  practice, 

straight.     This  indicates  that  prac-   the  broken  line  that  for  the  last  two  days. 

tice    has    increased    the  ability  of 

the  right  hand  to  tap  in  connection  with  the  other  members. 
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With  a  longer  practice  the  right  hand,  in  multiple  tapping,  would  un- 
doubtedly excel  in  rapidity  its  record  while  tapping  alone.  This  was 
true  in  the  case  of  H.  and  V.  who  at  first  gave  four  records  of  nearly  equal 
rapidity. 

Regularity  of  tapping. 

During  the  last  tests  of  the  experiment  several  of  the  subjects  remarked 
that  the  multiple  tapping  had  become  easier,  that  they  only  needed  to 
'*  set  the  machinery  going  and  it  went  itself."  The  experimenter,  listen- 
ing to  the  tap  counter,  observed  that  in  multiple  tapping  the  right  hand 
was  more  regular  than  when  tapping  alone.  A  specimen  record  is  given 
to  illustrate  this  fact. 


1st. 

2d. 

Average. 

(4) 

39 

36 

37  M 

Tapping  ven'  regular. 

(3) 

36 

35 

35  54 

t 4          <<         << 

(2) 

35 

34 

34 '4 

Tapping  irregular. 

(I) 

33 

34 

33  >^ 

t(             t< 

The  complete  record  was  taken  in  the  reverse  order,  the  observations 
appended  being  written  down  between  the  consecutive  5  second  records. 
The  irregularity  is  probably  caused  by  too  great  concentration  of  energy 
or  attention  at  one  point — too  much  for  the  muscles  to  react  to  or  prop- 
erly dispose  of.     Hence  the  time  was  slower.     It  does  not  appear  that  the 
cultivation  of  the  power  to  attend  to  several  members  at  once  is  respon- 
sible for  the  increased  rapidity  in  multiple  tapping,  since  there  was  an  actual 
decrease  of  attention  in  the  later  tests.     For  the  same  reason  the  increase 
of  stored  energy  would  not  account  for  the  fact.     Very  little  energy  is  re- 
quired during  the  short  test,  and  one  is  able  to  tap  continuously,  without 
decrease  in  rapidity,  for  several  minutes,  while  here  there  was  a  rest  of  15 
seconds  between  each  5  second  record  and  the  succeeding  one. 

The  experiments  of  Welch^  give  results  similar  to  those  described 
above.  She  concludes  that  rhythm  of  the  left  hand  affects  the  right  hand 
for  the  pull  of  the  dynamometer,  but  that  after  practice  this  influence  dis- 
aj)pears.  The  exi)lanation  of  such  facts  is  probably  found  in  the  develop- 
ment of  lov\'er  automatic  centers  by  practice.  After  this  development 
two  acts,  each  of  which  at  first  requires  conscious  attention,  become  easy 
of  simultaneous  performance  because  the  new  automatic  centers  control 
the  movements  independently  of  the  mind. 

Fig.  17  exhibits  the  fact  that  in  the  first  day's  practice  the  right  hand 
taps  about  as  rapidly  whether  tapping  alone  or  in  connection  with  the 


'  Welch,  On  the  mfasurcnwnt  of  vutttal activity  throui^h  niuscular  (utkity  auJ  thi  de- 
icnuination  of  a  constant  of  attention,  Amcr.  Jour.  Physiol.,  1898  I  283. 
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left  hand,  while  much  of  its  speed  is  lost  while  tapping  with  either  one  or 
both  feet.  This  means  simply  that  one  arm  is  in  closer  nervous  con- 
nection with  the  other  arm  than  the  upper  limbs  are  with  the  lower. 

VI.  Theoretical. 

An  explanation  of  cross-education  cannot  as  yet  be  completely  and 
satisfactorily  made.  To  aid  in  the  explanation  of  the  fact  certain  ex- 
i:>erinients  of  other  observers  are  here  brought  together. 

Experiments  in  diversion. 

LoMiJARD,  *  in  his  work  with  Mosso*s  ergograph,  has  shown  that  the 
strength  of  the  right  and  left  hands  may  vary  either  synchronously  or  in- 
dependently. By  means  of  two  ergographs  he  secured  records  of  both 
hands  at  the  same  time.  He  concludes  that  the  variations  are  not  due 
to  any  abatement  of  will  power  or  attention,  or  to  the  fatigue  of  muscle ; 
but  rather  to  changes  which  affect  the  lower  centers  of  the  spinal  cord. 
The  variations  in  strength  which  occur  synchronously  are  due  to  changes, 
probably  circulatory,  affecting  large  parts  of  the  central  system  ;  those 
which  occur  independently  are  due  to  local  changes. 

Urvan's"  experiments  in  tapping,  carried  on  with  children  of  different 
ages,  prove  that  the  effects  of  effort,  through  either  extremity,  are  shared 
by  both  ;  and  that  the  tapping  ability  of  a  joint  is  affected  by  the 
simultaneous  exertion  of  the  symmetrical  joint  on  the  other  side. 

Patrizi^  found  that  the  strength  of  one  hand  varies  whether  it  works 
alone  or  with  the  other  hand.  In  his  tests  with  the  ergograph  he  found  : 
(1)  that  in  simultaneous  action,  the  right  hand  could  do  3.67  kgm.  of 
work,  and  left,  2.94,  total,  6.61  ;  in  alternative  action,  right,  3.72,  left, 
3. 58,  total,  7.30  (it  should  be  noted  that  the  gain  in  alternative  action 
is  made  chiefly  by  the  left  hand,  as  if,  in  simultaneous  action,  more  atten- 
tion were  paid  to  the  right  hand  than  to  the  left);  (2)  that  with  the  left 
hand  in  isolated  action,  its  work  was  4.63  kgm.;  and  with  the  left  work- 
ing alternately  with  the  right,  its  work  was  5.64 — a  gain  of  i.oi  or 
21.8% — showing  that  the  action  of  the  right  hand  reinforces  that  of  the 
left. 


•  I.nMi^ARi),  Sonii'  nlferations  in  the  strength  which  occur  during  fatiguing  voluntary 
ntu>cn!<ir  7vork\  Jour,  of  Physiol.,  1893  XIV  113. 

'  Ilm  \N,  Oil  the  dei'i'lopment  of  voluntary  motor  ability y  Amer.  Jour.  Psych.  1892-93 
V  201. 

^Paiki/j,  La  simiiltankitt  et  la  succession  des  impulsions  voluntaires  symdtri(/ues, 
Arcliives  Ital.  tic  Biol.,  1893  XIX  126,  of  which  an  abstract  appears  in  the  Ann^e 
Psycli.,  1894  I  452. 
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The  exp)eriinents  of  Welch,'  as  well  as  my  own  already  described  in 
the  section  on  Diversion  of  fnergy,  reinforce  these  researches  in  establish- 
ing the  very  close  nervous  connection  existing  between  the  right  and  left 

limbs. 

Experiments  on  fatigue. 

In  Mosso*s'  experiments  with  the  ergograph,  results  appear  to  prove 
that  muscular  and  central  fatigue  are  quite  distinct  and  inde|>endent. 
Fatigue,  if  considered  as  decrease  in  capacity  for  work,'  is  due  almost 
wholly  to  influences  that  are  central.  After  complete  volitional  fatigue, 
the  muscle  may  be  made  to  do  much  more  work  by  electrical  stimulation 
either  of  the  muscle  itself  or  of  the  ner\e  leading  to  it.  Lombard,*  and 
RossBACH  and  Harteneck*  support  Mosso  in  these  conclusions. 

Such  considerations  simplify  the  explanation  of  transference  of  practice; 
for  if  fatigue  is  chiefly  central  it  is  here  that  we  must  look  for  the  most 
marked  changes  due  to  exercise.  The  effects  of  practice  for  the  two 
hands,  for  example,  are  brought  to  an  organ  that  has  many  things  in 
common  for  both  members. 

Observations  on  attention  and  will  power, 

Toulouse  •  has  proved  the  great  importance  of  attention  in  acts  of  vo- 
lition. The  ability  to  pay  attention  decreases  in  all  mental  maladies. 
By  means  of  the  dynamometer  he  found  that  persons  affected  with  dis- 
eases of  the  mind  can  exert  only  a  feeble  pressure,  and  he  concludes  that 
this  inability  is  due  to  their  lack  of  power  to  concentrate  attention. 

Stumpk,'  in  commenting  on  the  investigations  of  Fechner  and  Volk- 
mann,  described  above  on  pages  6  to  7,  makes  the  development  of  at- 
tention of  great  importance  in  transference.  *'The  capability  of  con- 
centrating attention  on  a  certain  point  in  question,  in  whatever  field  it  is 
ac(juired,  will  show  itself  efficacious  in  all  others."  Fechner,  too,  in 
this  connection  emphasizes  attention. 

•  Wklcii,  On  the  measurement  of  mental  activity  through  muscular  actiinty  and  the 
iletct  mi  nation  of  a  constant  of  attention^  Amer.  Jour.  Physiol.,  1898  I  283. 

2  Mosso,  Ueber  die  Gcsetze  der  Ermiidung^  Arch.  f.  Anat.  u.  Physiol.,  Physiol.  Abth., 
1890  89. 

*ScRirrrRE,  The  New  Psychology,  228,  I^ondon  1897. 

*Ix)MBARl),  The  effect  of  fatigue  on  voluntary  muscular  contractiofiSy  Amer.  Jour. 
Psych.,  1890  III  24,  also  Affet  de  la  fatigue  sur  la  contraction  musculaire  voluntaire^ 
Arch.  Ital.  de  Biol.,  1890  II  380. 

sRossBACH  AND  IIarteneck,  Muskelversuche  von  JVarmbliiterny  Arch.  f.  d.  ges. 
I'hysiol.  (PflUger),  1881  XV  2. 

^ToULOUSK,  Azotes  sur  quelques  experiences  dynamomitriques  chez  Ics  alienis,  Soc.  de 
Wol  ,  1893  V  121. 

'Stumi'F,  Tonpsychologie,  1883  I  81. 
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Gilbert  and  Fracker*s  recent  investigations*  of  reaction -time  for 
sound  prove  that  practice  in  reacting  to  one  form  of  stimulus  shortened 
the  reaction-time  for  other  forms.  Like  results  were  found  for  the  ability 
of  discrimination. 

Scripture's^  hypothesis  for  explaining  cross  education  is  *' physio- 
logically speaking,  that  the  development  of  the  center  governing  a  par- 
ticular member  causes  at  the  same  time  the  development  of  higher  cen- 
ters connected  with  groups  of  members.  Psychologically  speaking, 
development  of  will  power  in  connection  with  any  activity  is  accom- 
panied by  a  development  of  will  power  as  a  whole.** 

Obsenmtions  on  mirror-writing. 

Saltmann,'  Piper*  and  Treitel*  have  investigated  the  subject  of 
mirror-writing,  both  in  normal  and  abnormal  persons  and  in  children  and 
adults.  Their  results  show  a  greater  tendency  to  reversed  writing  in  the 
young  and  in  those  suffering  with  nervous  disorders  or  sensory  deficiency, 
notably  in  the  blind,  deaf  and  idiotic! 

Goi.dscheider/  in  his  review  of  Saltmann*s  article,  explains  mirror- 
writing  as  due  to  the  greater  influence  in  some  persons  of  motor  sensations 
over  optical  percepts.  He  considers  that  two  directing  factors  must  be 
distinguished  in  the  production  of  writing;  the  optical  percept  of  the 
written  sign  and  the  motor  sensations  involved  in  the  movements.  In 
mirror-writing  the  motor  sensations  correspond  to  those  in  direct  writing, 
but  the  written  signs  do  not  correspond  to  the  optical  percepts.  The 
sequence  of  innervation  occurs  in  this  case  under  the  influence  of  the 
motor  sensations  which  appear  to  be  dissolved  from  the  optical  percepts. 
These  latter  form  the  principal  factor  in  general  and  with  normal  persons ; 
I)assing  through  the  series  of  innervations  according  to  motor  sensations, 
represents  a  lower,  partly  mechanical  type. 

GoLDscH eider's  review  apparently  explains  mirror-writing  and  also 
the  transference  of  the  effects  of  practice.     If  in  certain  persons  the 


U'lii.KKRT  AND  Fr ACKER,  The  effect  of  practice  in  reaction  and  discrimination  for 
sounJ  upon  the  time  of  reaction  and  discrimination  for  other  forms  of  stimuli ^  Iowa  Stud. 
Psych.,  1897  I  62. 

^St  RiiTLRK,  Recent  investigations  in  the  Yale  Laboratory^  Psych.  Rev.,  1899  VI  165. 

^  Saitmann,  Schrift  und  Spiegelschrift  b.  gesunden  u  kranken  Kindem^  Festschr.  z. 
Henoch's  70.  Geburtstag,  452,  Berlin  1890. 

*  rii'KR,  Schriftproben  von  schwachsinnigen  Kindem,  Berlin  1893,  reviewed  in  Zt.  f. 
Tsych.  u.  Physiol,  d.  Sinn.,  1893  VI  74. 

^  Trkitkl,  I'cber  das  Schreiben  mit  der  linken  Hand  und  Schreibstdrungen^  Deut, 
Zf.  f.  Nervenheilk.,  1893  IV  277. 

<^Goi  DSciiKiDER,  Zt.  f.  Psych,  u.  Physiol,  d.  Sinn.,  1891  II  414. 
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motor  sensations  have  a  greater  influence  than  the  optical  percepts, 
then  by  the  transferrence  of  the  motor  sensations  a  movement  is  made  on 
the  other  side  that  is  symmetrical  to  the  movement  practiced.  This 
symmetrical  movement  produces  the  writing  in  the  reverse  direction. 

Keflex  action. 

Walton  *  has  shown  the  intimate  connection  between  the  centers 
of  motion  and  sensation  and  between  the  motor  centers  for  different 
groups  of  muscles.  The  muscles  of  a  frog  under  the  influence  of  strych- 
nine may  all  be  put  into  a  condition  of  tetanus  by  the  stimulation  of 
only  one  point  of  the  skin.  In  ordinary  reflex  action  the  motor  center  for 
the  muscle  of  the  eyelid  must  be  closely  connected  with  the  sensory  center 
for  the  cornea,  as  the  stimulation  of  one  causes  a  contraction  of  the  other. 

HoFBAUER  *  has  proved  by  means  of  the  ergograph  that  a  stimulation  of 
the  sense  of  hearing  may  excite  a  muscle  to  greater  action.  A  pistol  shot 
at  just  the  right  moment  causes  a  higher  contraction  than  ordinarily  ;  but 
if  it  occurs  a  moment  too  soon  or  too  late  the  contraction  is  hindered. 

Obseri'ations  on  the  overflow  of  energv. 

The  researches  of  Exner  '  in  reflex  and  cortical  stimulation  in  the  dog 
establish  several  important  facts,  (i)  The  two  methods  of  stimulation 
may  reinforce  each  other.  (2)  A  cortical  stimulation  which  concerns 
only  the  left  foot  reinforces  the  reflex  act  which,  it  might  appear,  con- 
cerns only  the  right  foot  and  its  central  organ.  That  is,  if  the  motor 
area  for  the  left  foot  is  stimulated  electrically  and  at  the  same  time  the 
right  foot  is  stimulated  for  reflex  action,  the  movement  produced  in  the 
right  foot  is  greater  than  if  only  reflex  stimulation  is  used.  It  was 
found,  too,  that  cortical  stimulation  of  the  area  governing  one  front  foot 
reinforces  reflex  action  in  the  hind  feet,  and  likewise  the  reverse. 

Urbantschii'sch,*  in  his  experience  with  pathological  subjects  with 
diseases  of  the  eye  and  ear,  has  found  true  for  the  sensory  nerves  what 
Exner  found  for  the  motor  nerves.  Sensations,  as  well  as  motor  im- 
pulses to  action,  may  aff'ect  parts  seemingly  not  immediately  concerned. 


'Wai-Fon,  Uc^wr  K(Jh\\hc7uci^un^^  lirs  StrychfiiufroscheSy  Arch,  f.  Anat.  u.  Physiol., 
Physiol.  Ablh.,  188246. 

2  IIoFiJAlKR,  I)it€rfercnz  z^vischen  verschiedetun  bfipulsen  im  Ct'utrahien.»ensysUm, 
Archiv  f.  (1.  ges.  Physiol.  (Pfliipcr),  1S98  LXVIII  546. 

3  ExNKR,  Zur  Kcnntniss  70 ft  dcr  li'echsfkK'irkuiii^  dcr  Enei^ungtU  im  Centralnerven- 
systevi,  Archiv  f.  d.  ges.  Physiol.  (Pfliiprer),  1882  XXVIII  487. 

*  Urb.vntsch risen,  L\bir  deu  Einfluss  von  Trv^emir>us-Reizeti  auf  die  Sinnesfmpfin- 
dNfii^en^  insbt'sondere  anf  den  Gcsichtssinny  Archiv.  f.  d.  ges.  Physiol,  (l^uger),  1883 
XXX  129. 
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An  hour's  exclusive  operation  on  the  right  eye  showed  on  the  left  a  rela- 
tive enhancement  of  the  ability  to  see.  In  many  patients  with  chronic 
catarrh  of  the  middle  car  the  observer  was  surprised  to  find  that  an  im- 
portant ])athological  influence  was  transferred  from  the  ear  to  the 
sense  of  sight. 

Da.msch'  explains  the  spreading  of  nervous  impulses  to  action  as  due  to 
the  close  connection  of  all  motor  centers.  Impulses  from  the  motor 
centers  tend  to  spread  themselves  by  their  entrance  into  the  great  central 
brain  ganglion — where  fibers  from  all  motor  centers  come  together  and 
are  intimately  connected.  This  spreading  of  impulses  is  hindered  by  a 
checking,  or  inhibiting,  apparatus  which  keeps  the  impulse  from  going 
the  wrong  way.  This  apparatus  is  much  improved  by  practice.  In  the 
young  and  in  certain  nervously  disordered  persons  it  is  deficient. 

It  was  noticed  in  the  tapping  experiment  that  there  was  a  tendency  at 
times  for  the  subject's  left  foot  to  make  movements  to  accompany  those 
made  by  the  right.  Damsch's  explanation  for  such  movements  is  that 
the  impulse  sent  to  the  right  foot  has  in  part  escaped  through  the  check- 
ing apparatus  and  gone  the  wrong  way.  In  learning  an  act  that  involves 
fine  coordination  it  is  very  obvious  that  the  pupil  executes  many  move- 
ments that  are  entirely  unnecessary.  The  nervous  impulse  has  flowed 
out  into  wrong  channels.  These  observations  show  how  closely  related 
are  the  motor  centers  governing  symmetrical  or  associated  parts  and  how 
an  influence  sent  out  from  the  central  nervous  system  to  a  peripheral  organ 
may  be  felt  in  other  peripheral  organs  also. 

Conclusions. 

'I'he  following  conclusions  may  be  drawn  from  my  own  experiments 
and  those  of  other  observers. 

a.  The  effects  of  exercise  may  be  transferred  to  a  greater  or  less  de- 
gree from  the  parts  practiced  to  other  parts  of  the  body.     This  transfer 
ence  is  greatest  to  symmetrical  and  closely  related  parts. 

b.  There  is  a  close  connection  between  different  parts  of  the  muscular 
system  through  nervous  means.  This  connection  is  closer  between  parts 
related  in  function  or  in  position. 

c.  Will  power  and  attention  are  educated  by  physical  training.  When 
developed  by  any  special  act  they  are  developed  for  all  other  acts. 

Explanation  of  cross -education. 
With  conclusions  b  and  c  established  the  explanation  of  transference  is 

•  Damscii,  Ueber  Mitbewegungen  in  symmetrischtn  Mmketn  an  nicht-gelahvtten 
Gliida-n,  Zt.  f.  klin.  Med.,  189I  XIX  170. 
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probably  reached.  There  is  no  doubt  that  the  most  important  effects  of 
muscular  practice  are  central  rather  than  peripheral.  The  central  effects 
maybe  distinguished  as:  (i)  those  dependent  on  the  development  of 
motor  centers,  that  is,  their  improvement  through  exercise;  (2)  those 
dej)endent  on  the  development  of  psychical  factors,  notably  attention  and 
will  ix)wer.  Of  these  two  effects  we  would  emphasize  the  first  as  the 
more  important.  In  fact,  in  the  tapping  tests  close  attention  and  a  strong 
will  power  were  hindrances.  In  tests  requiring  strong  effort  these  fee- 
tors  are  useful. 

With  the  improvement  by  exercise  of  the  motor  centers  governing  the 
right  arm,  there  is  through  the  close  ner\'ous  connection  an  improvement 
also  of  the  center  governing  the  left  arm.  Besides  this  in  tests  where 
will  power  and  attention  are  necessary,  these  elements  are  developed  by 
the  exercise  of  the  right  arm  and  are  efficacious  also  for  the  left. 

The  peripheral  effects  of  exercise  cannot  be  ignored  altogether.  It 
has  been  noted  before  that  in  the  dumbbell  test,  the  left  arm  did  no/ 
improve,  relatively  to  the  right,  to  so  great  a  degree  as  it  did  in  the  other 
tests.  It  did  not  gain  endurance  to  an  extent  comparable  to  the  gain  in 
the  right.  In  purely  muscular  tests  it  is  necessary  not  only  to  develop 
the  center  of  motor  control,  but  also  to  develop  muscular  tissue.  The 
muscles  must  be  put  into  better  condition  to  gain  endurance.  It  has 
been  seen  that  the  left  arm  gained  in  girth  and  to  a  varying  extent  in 
the  power  of  endurance.  This  can  be  explained  only  by  increased 
muscular  nutrition. 

The  measurements  to  determine  if  the  circulation  varied  alike  in  both 
arms  when  only  one  was  exercised,  gave  negative  results.  That  the  cen- 
ters governing  the  nutrition  of  the  right  and  left  arms  are  affected  alike 
by  the  exercise  of  either  arm,  suggests  itself  as  a  probable  reason  for  the 
increase  in  girth  in  the  arm  not  used. 
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W.  Smvthe  Johnson. 
I.     Triangular  movement. 

The  subject  was  required  to  tap  continuously  at  the  corners  of  an  eqii  lat 
cral  Iriangle  whose  sides  measured  jo  "  This  triangle  was  formed  Lj  a 
special  triangular  contact  key.  Fig  i  with  knobs  lo  "  from  each  other 
This  key  was  originally  constructed  at  Dr  Scripiores  suggestion  for 
use  in  testing  school -children  fay 
Gilbert,  by  whom,  however,  it  was 
used  merely  for  tapping  and  not  as 
a  habit-key.' 

The  key  was  placed  in  circuit 
with  a  4  ampere  battery  and  the  pri 
mary  coil  of  a  spark  coil,  the  con 
denser  being  connected  around  the 
break.  From  the  poles  of  the  sec 
ondary  coil,  one  wire  led  to  the 
base  of  the  recording  drum,  the 
other  to  the  base  of  a  loo  v.d 
electric  fork  bearing  a  flexible  point 
on  one  of  its  prongs.     Pressure  on  i,-,,;   , 

one  of  the  key-knobs   closed  the 

primary  circuit  for  an  instant.  U'hen  the  circuit  was  broken  a  spark 
passed  through  the  smoked  paper  on  the  surface  of  the  drum  making  a  dot 
on  the  time  line  drawn  by  the  fork.  Each  spark  thus  indicated  a  tap  on 
one  of  the  three  key-knobs.  The  time  between  the  sparks  could  be  read 
to  the  thousandth  of  a  second.' 

The  subjects  included :  K.  (Koch!)  and  M.  (Matsumoto),  who  were 
Japanese  students  of  psychology  ;  P.    (Powell),  a  student  of  English  ; 

'  (.Gilbert,  Resiarchtien  the  nifnlal  aitd  pkysiiid  devilapminl  of  Sihool-ckild'en,  Stud. 
V.-ile  I\vch.  I.ab.,  1E94  II  40  (especially  p.  40  and  Fig.  5) 

'The  arrangement  of  the  recording  apparatus  was  identical  with  that  of  Exercise  IX 
in  .ScRiPTi  RE,  Ettnuitlary  coarsf  in  /tsychalagical  measuremenls.  Stud.  Yale  Psych,  Lab,, 
1K96  1\'  tij  ;  it  is  shown  in  ScRlPTUHK,  New  Psychology,  frontispiece,  London  1S97. 
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L.  (Lloyd),  a  student  of  philosophy;  H.  (^Hawkins),  a  student  of  divinity: 
S.  (Dr.  Scripture);  and  J.  (Johnson). 

Before  l>eginning  the  experiments  the  subjects  were  retjuested  to 
devote  their  attention  and  energy  to  the  exercise  throughout  each  experi- 
ment and  always  to  make  as  fast  a  record  as  |X)ssible.  They  were  also 
instructed  to  practice  no  similar  movements  at  any  time  outside  that  of 
experimentation.  They  were  not  allowed  to  inspect  their  records  nor 
were  they  given  the  lea.st  intimation  whether  they  were  gaining  or  losing  ; 
exceptions  to  this  rule  occurred  in  the  cases  of  J.  and  S. 

The  person  experimented  upon  was  placed  in  a  quiet  room.  *  The 
triangular  key  lay  on  a  table.  The  subject  stood  while  performing  the 
experiment,  as  it  was  found  that  this  position  allowed  the  freest  movement 
of  the  forearm.  He  fixed  his  gaze  on  the  key.  Before  beginning  an  ex- 
periment a  preliminary  trial  was  allowed  in  order  to  accjuaint  the  fingers 
with  the  relative  positions  of  the  keys.  The  subject  was  also  asked  to 
endeavor  to  regulate  the  tension  of  his  muscles  commensurate  to  the  strain 
of  tapping  fifty  successive  times.  Unless  thus  cautioned,  he  was  almost 
certain  to  break  down  before  the  end.  If  he  did  not  break  down  com- 
pletely, he  would  at  least  miss  some  of  the  knobs  in  making  the  succes- 
sion of  movements.  The  caution  was  given  only  at  the  beginning  of  the 
whole  set  of  experiments  as  it  was  merely  intended  to  prevent  the  adop- 
tion of  too  high  a  standard  in  the  beginning.  It  was  not  again  men- 
tioned lest  the  mental  standard  chosen  in  the  first  experiment  should  be 
changed.  It  was  found  that  the  subjects  followed  this  request  with  re- 
spect to  the  left  hand  more  closely  than  with  respect  to  the  right  hand. 

With  all  the  subjects  except  S.  and  J.  the  experiment  was  first  per- 
formed with  the  right  hand,  then  with  the  left,  and  again  with  the  right. 
In  the  case  of  J.  only  the  right  hand  was  used  and  in  that  of  S.  only  the 
left  hand. 

Fatigue  showed  itself  (i)  when  the  subject  completely  broke  down, 
(2)  when  he  struck  the  knob  of  the  key  so  inaccurately  that  he  knocked 
it  out  of  place,  (3)  when  he  missed  one  of  the  knobs  of  the  key.  The 
last  case  was  the  usual  one  and  when  it  occurred  the  experiment  was  con- 
sidered to  have  ended.  By  counting  the  records  to  this  point  we  have  a 
result  practically  free  of  fatigue. 

Daily  average. 
The  average  tapping  time  for  each  day  is  shown  in  Table  I.     Curves 

M)e>cTil>ccl  by  ScRirri-RK,  New  Psychology,  136,  London  1897. 


Researches  in  practice  and  habit.  53 

corresponding  to  the  table  are  presented  in  Figs.  2,  3,  4,  5,  6.  A  com- 
parison of  these  curves  shows  that,  while  each  takes  a  direction  deter- 
mined by  individual  characteristics,  yet  they  all  follow  closely  the  same 
law  of  gain. 

Taule  r. 

Average  intcn'al  hehveeii  taps  on  successive  days. 
Hand  Serial   number  of  cx|>eriment. 


Subject. 

used. 

I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

II 

K. 

V, 

308 
300 

2S3 

292 

2S0 
3^6 

277 
278 

268 
276 

258 

241 
243 

213 
239 

212 
234 

209 
230 

203 
226 

M. 

M 

294 
314 

314 
321 

302 
302 

28S 

271 
262 

281 
281 

242 
274 

239 
273 

23.S 
253 

229 
250 

206 

1S7 

S. 

L 

219 

235 

217 

201 

197 

188 

iss 

182 

172 

162 

J. 

R 

224 

219 

210 

206 

230 

203 

195 

191 

171 

P. 

5^' 

244 
226 

196 
203 

175 
173 

157 
198 

152 
186 

143 
174 

L. 

245 
261 

210 
244 

194 
223 

174 
199 

169 
192 

1.^7 
186 

n. 

M 

212 
240 

169 
174 

159 
172 

The  unit  of  measurement  is  i«r  =0.001". 

The  number  of  measurements  in  each  case  was  from  40  to  50. 

Tlie  probable  errors  of  the  determinations  vary  from  iz5  '  to  dr  i«^. 

An  omission  of  one  or  more  days  did  not  in  every  instance  materially 
effect  the  amount  of  gain  resulting  from  practice.  An  interval  of  two 
days  between  the  first  and  second  experiments  of  P.  and  L.  did  not  seem 
to  effect  their  records ;  an  interruption  occurring  between  the  fifth  and 
sixth  days  with  the  subjects  K.  and  M.,  and  between  the  fourth  and  fifth 
days  with  J.  and  S.,  showed  its  effect  on  J.  and  M.  very  clearly,  but  in 
only  a  small  degree  on  K.,  and  seemingly  not  at  all  on  S. 

The  losses  on  the  fourth,  fifth  and  sixth  days  with  P.  (left  hand)  may 
l)r  attributed  to  the  fact  that  he  unthinkingly  reversed  the  original 
direction  of  the  movement  in  using  the  left  hand.  In  the  three  previous 
exercises  he  had  made  his  hand  move  clockwise.  All  the  subjects  except 
J.  were  right-handed  and  the  right  hand  was  always  moved  counter- 
( lockwise,  the  left  moving  clockwise.  The  hands  were  thus  moved  sym- 
metrically but  in  opposite  directions.  The  subject  J.,  however,  moved 
his  left  hand  counter-clockwise  and  his  right  hand  clockwise.  This  would 
seem  to  indicate  that  the  centers  governing  the  rotary  movements  of 
the  muscles  in  right  and  left  handed  p)ersons  are  diametrically  opposed 
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A',  upper  line,  serial  number  of  experiment. 
A',  lower  line,  days  of  previous  practice. 
}',  tap  time  in  thousandths  of  a  secon<l. 
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-V,  upper  line,  serial  number  of  experiment. 
A',  lower  line,  days  of  previous  practice. 
K,  tap  time  in  thousandths  of  a  second. 

to  each  other.  A  few  experiments  were  made  on  another  left  handed 
person  ;  the  same  direction  of  the  movement  of  either  hand  was  chosen 
as  with  J.  However,  I  caused  him  to  reverse  the  direction  of  the  move- 
ment of  the  right  hand  so  as  to  move  counter-clockwi.se.  As  a  result  the 
movements  of  the  right  hand  were  much  slower  and  fatigue  set  in 
earlier.  Moreover,  there  was  less  regularity  in  the  movements  of  the 
right  hand. 

Daily  probable  error. 

The  change  in  the  probable  error  for  successive  days,  given  in  Table  II., 
may  he  considered  as  an  expression  of  the  development  of  automatic 

control  over  the  movements  of  the  hand. 

Table  II. 
Probable  error  on  successive  itavs. 


Subject. 


M. 

S. 
J. 
P. 

I.. 

II. 


Hand 
used. 

!  ^ 
i  L 

f  K 
(A 

I  A> 

(  A* 
U 


Serial  number  of  experiment. 
4  "5         6         7  8 


50 
80 

30 
35 

39 

39 

30 
26 

35 
31 

36 
27 


38 
51 

37 
38 

31 

36 

18 
23 

30 
28 

21 
27 


23 
18 

26 
19 

37 
48 

18 
19 
29 
24 

27 
32 


36 
38 

47 
20 

27 
26 

20 
18 

21 
23 


32 

^o 

29 
24 

31 

35 

15 
15 

17 
19 


43 
29 

36 
30 

28 

42 

14 
15 

20 

13 


37 

20 

20 
22 

37 
29 


15 
16 

20 
26 

39 
33 


15 
27 

20 
27 

27 

30 


10 

17 
40 

14 
17 

27 


II 

20 

18 

13 

42 


The  unit  of  measurement  is  1^  =  0.001". 

Tills  table  gives  the  probable  error  of  the  tapping  times  from  which  Table  I.  was 

tomputed. 
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The  probable  error  P  was  calculated  according  to  the  formula 


P=-  2, 


r;  -h  T'/  H-    .   .   .    -f 


^': 


n — I 


where  r,,  r,,  .  .  .,  7\^  are  the  errors  for  the  n  measurements.  Table  II. 
shows  a  decrease  from  day  to  day  which  closely  corresponds  to  the  aver- 
age daily  decrease  in  the  intervals  between  taps. 

An  average  of  the  decrease  in  the  probable  error  of  all  the  subjects  for 
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-V,  upper  line,  serial  number  of  experiment. 
.V.  lower  line,  days  of  previous  practice. 
}',  tap  time  in  thousandth^  of  a  j^ocontl. 

each  hand  was  made;  a  ^^raphical  rei)resentation  of  it  is  given  in  Fig. 
7.  Though  the  error  for  the  left  hand  was  larger  than  for  the  right,  the 
curve  for  either  hand  lakes  about  the  same  direction.  Hence  the  centers 
governing  the  left-hand  movements,  though  loss  developed,  are  suscept- 
ible to  the  same  law  of  gain  in  automatic  control. 

The  irregularities  in  the  daily  decrease  of  the  error  may  l.)e  accounted 
for  in  part  by  the  variations  in  the  nervous  condition  of  the  subject  from 
day  to  day.  Moreover,  the  preliminary  trials  given  just  before  beginning 
each  experiment,  which  were  always  the  same  in  number,  were  not  suf- 
ficient in  every  case  to  arouse  the  nervous  centers  .so  as  to  get  the  best  re- 
sults from  practice,  for  I  observed  that  in  a  few  instances  the  tapping 
time  was  very  slow  at  first,  but  rapidly  increased  in  si)eed  during  the 
first  part  of  the  experiment,  which  caused  a  larger  i)roi)able  error.     Thus 
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the  43^  probable  error  of  K.  on  the  sixth  day  was  principally  due  to  the 
long  intervals  between  the  first  four  taps. 

rhat  the  preliminary  trial  was  not  sufficient  in  every  instance  for  him 
to  acquire  momentum,  so  to  speak,  is  seen  in  the  record  for  the  sixth  day, 
which  ran  as  follows:  315,  289,  291,  295,  200,  245,  244,  240,  269, 
242,  248,  251,  243,  237,  246,  238,  254,  240,  229,  254,  218,  219,  260, 
222,  231,  239,  235,  216,  223,  242,  229,  217,  212*^.  This  shows  a  dif- 
ference of  103*^  between  the  first  and  last  taps,  though  the  largest  de- 
<:rcase  occurred  in  the  first  four  taps.  As  contrasted  with  this  record,  we 
give  his  record  for  the  eighth  day,  which  shows  considerable  gain  in  rapid- 
ity and  regularity  in  two  days*  practice;  231,  229,  225,  220,  219,  223, 
229,  226,  223,  221,  218,  222,  208,  210,  221,  226,  209,  204,  229,  221, 
203.  207,  203,  200,  198,  217,  213,  209,  205,  202,  200,  195,  208,  203*^. 
This  record  shows  a  difference  of  only  29'^  between  the  first  and  last 
tajjs.  A  graphical  representation  of  the  records  for  these  two  days  may 
be  seen  in  Fig.  8.     According  to  the  statement  of  the  subject  on   the 
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A',  upper  line,  serial  number  of  experiments. 
A',  lower  line,  days  of  previous  practice. 
)',  tap  time  in  thousandths  of  a  second. 

>\\\\\  day,  he  was  conscious  at  the  start  that  he  was  not  doing  his  best,  but 
somehow  he  could  not  get  control  of  the  muscles  within  the  time  allowed 
liini  in  the  preliminary  trial.  Hence  the  temporary  effect  on  the  first 
part  of  the  record. 

In  those  records  which  show  a  small  variability  the  subjects  invariably 
reported  that  they  were  feeling  quite  well  and  brisk.  Moreover,  I  ob- 
ser\  ed  that  as  the  movements  came  to  be  controlled  by  the  automatic 
(enters  and  the  movements  became  more  rapid,  the  greater  was  the  in- 
llueiK  e  of  any  change  in  the  ner\'0us  condition  of  the  subject.     An  illus- 
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The  probable  error  P  was  calculated  according  to  the  formula 


^'^ 


where  r,,  ?,,  .  .  .,  r-^  are  the  errors  for  the  n  measurements.  Table  II. 
shows  a  decrease  from  day  to  day  which  closely  corresponds  to  the  aver- 
age daily  decrease  in  the  inter\als  between  taps. 

An  average  of  the  decrease  in  the  probable  error  of  all  the  subjects  for 
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-V.  upper  line,  serial  number  of  experiment. 
A',  lower  line,  days  of  previous  practice. 
)',  tap  time  in  lh<Hisandths  of  a  second. 

each  hand  was  made;  a  graphical  representation  of  it  is  given  in  Fig. 
7.  Though  the  error  for  the  left  hand  was  larger  than  for  the  right,  the 
curve  for  either  hand  takes  about  the  same  direction.  Hence  the  centers 
governing  the  left-hand  mo\enients,  though  less  developed,  are  suscept- 
ible to  the  same  law  of  gain  in  automatic  control. 

The  irregularities  in  the  daily  decrease  of  the  error  may  be  accounted 
for  in  part  by  the  variations  in  the  nervous  condition  of  the  subject  from 
day  to  day.  Moreover,  the  preliminary  trials  given  just  before  beginning 
each  experiment,  which  were  always  the  same  in  nimiber,  were  not  suf- 
ficient in  every  case  to  arouse  the  nervous  centers  so  as  to  get  the  best  re- 
sults from  practice,  for  I  observed  that  in  a  few  instances  the  tapping 
time  was  very  slow  at  first,  but  rapidly  increased  in  speed  during  the 
first  part  of  the  experiment,  which  caused  a  larger  probable  error.     Thus 
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the  43<^  probable  error  of  K.  on  the  sixth  day  was  principally  due  to  the 
long  intervals  between  the  first  four  taps. 

That  the  preliminary  trial  was  not  sufficient  in  every  instance  for  him 
to  acquiie  momentum,  so  to  speak,  is  seen  in  the  record  for  the  sixth  day, 
which  ran  as  follows:  315,  289,  291,  295,  200,  245,  244,  240,  269, 
242,  248,  251,  243,  237,  246,  238,  254,  240,  229,  254,  218,  219,  260, 
222,  231,  239,  235,  216,  223,  242,  229,  217,  212''.  This  shows  a  dif- 
feren(e  of  103*^  between  the  first  and  last  taps,  though  the  largest  de- 
crease occurred  in  the  first  four  taps.  As  contrasted  with  this  record,  we 
give  his  record  for  the  eighth  day,  which  shows  considerable  gain  in  rapid- 
ity and  regularity  in  two  days'  practice:  231,  229,  225,  220,  219,  223, 
229,  226,  223,  221,  218,  222,  208,  210,  221,  226,  209,  204,  229,  221, 
203,  207,  203,  200,  198,  217,  213,  209,  205,  202,  200,  195,  208,  203*^. 
This  record  shows  a  difference  of  only  29°"  between  the  first  and  last 
taps.  A  graphical  representation  of  the  records  for  these  two  days  may 
be  seen  in  Fig.  8.     According  to  the  statement  of  the  subject  on   the 
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.\',  upper  line,  serial  number  of  experiments, 
A',  lower  line,  days  of  previous  practice. 
)',  tap  time  in  thousandths  of  a  second. 

sixth  day,  he  was  conscious  at  the  start  that  he  was  not  doing  his  best,  but 
>onioho\v  he  could  not  get  control  of  the  muscles  within  the  time  allowed 
liini  in  the  preliminary  trial.  Hence  the  temporary  effect  on  the  first 
l)art  of  the  record. 

In  those  records  which  show  a  small  variability  the  subjects  invariably 
reported  that  they  were  feeling  quite  well  and  brisk.  Moreover,  I  ob- 
served that  as  the  movements  came  to  be  controlled  by  the  automatic 
(enters  and  the  movements  became  more  rapid,  the  greater  was  the  in- 
lluence  of  any  change  in  the  ner\'0us  condition  of  the  subject.     An  illus- 
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The  probable  error  P  was  calculated  according  to  the  formula 


n — I 


where  z\,  r-,,  .  .  .,  7\^  are  the  errors  for  the  n  measurements.  Table  II. 
shows  a  decrease  from  day  to  day  which  closely  corresponds  to  the  aver- 
age daily  decrease  in  the  intervals  between  taps. 

An  average  of  the  decrease  in  the  probable  error  of  all  the  subjects  for 
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A',  upper  line,  serial  numher  of  experimeiU. 
.V,  lower  line,  days  of  previous  practice. 
}',  tap  time  in  thousandths  of  a  sectnul. 

each  hand  was  made;  a  graphical  representation  of  it  is  given  in  Fig. 
7.  Though  the  error  for  the  left  hand  was  larger  than  for  the  right,  the 
curve  for  either  hand  takes  about  the  same  direction.  Hence  the  centers 
governing  the  left-hand  movements,  though  less  developed,  are  suscept- 
ible to  the  same  law  of  gain  in  automatic  control. 

The  irregularities  in  the  daily  decrease  of  the  error  may  be  accounted 
for  in  part  by  the  variations  in  the  nervous  condition  of  the  subject  from 
day  to  day.  Moreover,  the  j)reliminary  trials  given  just  before  beginning 
each  experiment,  which  were  always  the  same  in  ninnber,  were  not  suf- 
ficient in  every  case  to  arouse  the  nervous  centers  so  as  to  get  the  best  re- 
sults from  practice,  for  I  observed  that  in  a  few  instances  the  tapping 
time  was  very  slow  at  first,  but  rapidly  increased  in  si)eed  during  the 
first  part  of  the  experiment,  which  caused  a  larger  i)rol)able  error.     Thus 
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the  43*^  probable  error  of  K.  on  the  sixth  day  was  principally  due  to  the 
long  intervals  between  the  first  four  taps. 

That  the  preliminary  trial  was  not  sufficient  in  every  instance  for  him 
to  arquiie  momentum,  so  to  speak,  is  seen  in  the  record  for  the  sixth  day, 
Avhich  ran  as  follows:  315,  289,  291,  295,  200,  245,  244,  240,  269, 
242,  248,  251,  243,  237,  246,  238,  254,  240,  229,  254,  218,  219,  260, 
222,  231,  239,  235,  216,  223,  242,  229,  217,  212*^.  This  shows  a  dif- 
ference of  103°"  between  the  first  and  last  taps,  though  the  largest  de- 
crease occurred  in  the  first  four  taps.  As  contrasted  with  this  record,  we 
give  his  record  for  the  eighth  day,  which  shows  considerable  gain  in  rapid- 
ity and  regularity  in  two  days*  practice:  231,  229,  225,  220,  219,  223, 
229,  226,  223,  221,  2t8,  222,  208,  210,  221,  226,  209,  204,  229,  221, 
203,  207,  203,  200,  198,  217,  213,  209,  205,  202,  200,  195,  208,  203*^. 
This  record  shows  a  difference  of  only  29*^  between  the  first  and  last 
taps.  A  graphical  representation  of  the  records  for  these  two  days  may 
be  seen  in  Fig.  8.     According  to  the  statement  of  the  subject  on   the 
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.\',  upper  line,  serial  number  of  experiments. 
A',  lower  line,  days  of  previous  practice. 
)',  tap  time  in  thousandths  of  a  second. 

>i\th  (lay,  he  was  conscious  at  the  start  that  he  was  not  doing  his  best,  but 
M)nichoNv  he  could  not  get  control  of  the  muscles  within  the  time  allowed 
him  in  the  preliminary  trial.  Hence  the  temporary  effect  on  the  first 
part  of  the  record. 

In  those  records  which  show  a  small  variability  the  subjects  invariably 
rci)ortcd  that  they  were  feeling  quite  well  and  brisk.  Moreover,  I  ob- 
scrxed  that  as  the  movements  came  to  be  controlled  by  the  automatic 
(enters  and  the  movements  became  more  rapid,  the  greater  was  the  in- 
IhieiK  e  of  any  change  in  the  ner\'0us  condition  of  the  subject.     An  illus- 
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tration  of  this  may  be  seen  in  the  results  fdr  J.,  sixth  day,  where  he 
reached  the  highest  probable  error  of  his  whole  set  of  experiments,  hav- 
ing inadvertently  received  an  electric  shock  just  before  beginning  the 
experiment. 

The  rapid  decrease  in  the  intervals  between  taps  with  P.  (right  hand,  Fig. 
4)  emphasizes  the  influence  which  previous  training  of  any  one  set  of  muscles 
has  upon  the  formation  of  automatic  control  where  the  form  of  movement 
is  changed  only  as  to  direction.  It  is  even  more  manifest  in  the  decrease 
of  the  probable  error.  Although  the  movements  involved  in  this  exer- 
cise were  different  from  those  required  in  piano  playing,  yet  the  years  of 
previous  training  had  developed  the  centers  controlling  the  movements 
of  the  hand  to  respond  quickly  and  with  considerable  regularity  ;  so  when 
the  movements  became  circular  (as  was  necessary  in  tappiug  the  three 
keys)  it  was  only  necessary  to  establish  the  one  additional  element  in  the 
automatic  centers,  the  direction  of  the  movement  of  the  hand. 

Averages  of  successive  taps. 

My  observations  during  different  experiments  each  day  convinced  me 
that  the  subject  gained  in  rapidity  of  tapping  constantly  from  the  beginn- 
ing of  the  experiment  until  the  close  or -until  the  setting  in  of  fatigue.  I 
tested  and  corroborated  my  conviction  in  the  following  way  :  Reviewing 
the  protocols,  I  derived  an  average  from  all  the  first  taps,  then  from  all 
the  second  taps,  and  so  throughout  the  whole  series.  That  my  con- 
viction was  correct  is  clearly  shown  by  the  fact  that  in  ever)-  case  the 
tapj)ing  time  was  decreased,  ranging  from  30*^  to  loo*'. 

Consider  ng  the  large  number  of  experiments  made  and  the  number  of 
subjects  included  in  these  tests,  the  constant  increase  in  rapidity  of  mus- 
cular action  during  each  experiment  exceeded  our  expectations.  Indeed^ 
it  may  be  stated  as  a  law  of  practice  wherein  rapidity  is  the  objective 
point,  the  movement  does  not  follow  any  rhythmical  law  of  increase  and 
decrease,  but  constantly  increases  in  speed  until  the  setting  in  of  fatigue. 

A  few  experiments  wer«:  made  wherein  the  tapping  time  was  long  con- 
tinued, which  showed  that  when  fatigue  first  sets  in,  the  subject  loses  for 
a  short  time,  then  there  is  a  renewal  of  effort  and  the  speed  is  constantly 
accelerated  for  a  certain  period,  but  not  so  long  as  in  the  first.  As  each 
successive  period  of  fatigue  came  on,  the  successive  period  of  increase  in 
speed  was  shorter ;  this  was  continued  until  that  state  was  reached  where 
the  alternations  were  so  rapid  as  to  effect  almost  every  other  tap.  This 
accords  with  the  assertions  of  other  investigators  who  have  directed  their 
investigations  especially  to  the  study  of  fatigue.^ 

»Mi>«»RE,   S'uJies  of  fatii^tu'y   Stud.    Vale   Psych.    Lab.,    189$   III    68;  Binet    F.r 
Vasciiide,  Experiences  de  vit  sse^  Ann6e  psychol.,  1897  IV  267. 
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The  lack  of  the  development  of  the  centers  governing  the  movements 
of  the  left  hand  not  only  caused  the  tapping  time  to  be  slower  than  for 
the  right  hand,  but  the  amount  of  gain  during  each  experiment  was  also 
less.  For  instance,  the  average  amount  of  gain  for  the  right  hand  of  K. 
was  90*^  in  20  taps,  while  with  the  left  he  gained  only  40''.  Stated  in 
words,  the  gain  with  the  left  hand  of  all  of  the  subjects  was  much  less  in 
proportion  to  the  rapidity  of  its  movement. 

Although  P.  was  the  most  rapid,  yet  he  gained  less  in  amount  than  the 
other  subjects  during  each  experiment,  for  the  right  hand  gained  only 
50*^  and  the  left  possibly  10''.  This  demonstrates  the. fa*  t  that,  as  the 
muscles  come  more  completely  under  control,  the  influence  of  practice 
becomes  less  during  each  exp)eriment.  With  L.,  however,  the  results  for 
the  left  hand  are  more  favorable,  namely,  a  gain  of  40*^  with  the  left 
hand,  compared  to  a  gain  of  50*^  with  the  right.  The  results  of  H.  are 
exceptional  in  that  the  gain  was  equal  for  both  hands,  namely,  only  30*^. 
With  the  subjects  K.,  M.  and  P.  the  centers  governing  the  left  hand 
were  slower  in  their  activity  and  less  influenced  by  training  than  with  L. 
and  H. 

In  like  manner,  the  probable  error  for  successive  taps  was  determined. 
It  showed  a  tendency  to  decrease  as  the  experiment  progressed. 
If  the  subject  put  forth  the  greatest  effort  in  the  beginning  of  the  ex- 
periment, the  error  was  correspondingly  greater  in  the  first  part.  But 
when  the  special  eff"ort  was  relaxed,  the  muscles  reverted  to  their  more 
accustomed  speed  of  adjustment,  and  at  the  same  time  became  more 
regular  in  their  functioning.  Therefi»re,  a  minimum  gain  in  rapidity 
during  any  practice  period  is  the  best  condition  for  impressing  that 
standard  upon  the  nervous  centers ;  as  a  result  the  decrease  of  the  prob- 
able error  is  correspondingly  accelerated.  This  principle  is  well  illus- 
trated in  the  results  obtained  for  the  subjects  J.  and  P.  both  of  whom 
gained  very  little  in  rapidity  of  tapping  during  the  progress  of  an  ex- 
periment, but  who,  however,  made  considerable  decreases  in  the  prob- 
able error.  As  long  as  spasmodic  accelerations  are  observable  throughout 
a  short  series  of  practice,  the  automatic  control  over  the  muscles  may  be 
considered  imperfect,  the  degree  of  imperfection  being  indicated  by  the 
amount  of  the  probable  error. 

Relative  gain  by  practice. 

Although  the  gain  from  day  to  day  varies  in  response  to  the  mental 
and  physical  condition  of  the  subject,  yet  we  may  suppose  from  the  con- 
fonnity  of  results  of  all  the  subjects  that  the  acquirement  of  muscular 
facility,  or,  physiologically,  the  transition  from  that  state  which  demands 
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constant  fixation  of  the  attention  to  the  state  of  automatic  control  fol- 
lows as  rlosely  a  mathematical  law  as  do  falling  bodies.  The  ditiiculn 
in  fmdin^^  such  an  expression  is  partly  due  to  the  difficulty  in  getting  th< 
subject  under  the  same  j»hysical  and  mental  conditions  at  each  experi 
ment  and  partly  to  the  lack  of  scientific  results  on  allied  subjects  upoi 
which  the  law  of  habit  must  also  dciKjnd.  For  instance,  some  of  th 
I>ersonal  factors  of  our  problem  causing  variations  in  the  results  obtaine 
from  different  individuals  are  :  differences  in  muscular  memory  for  diffei 
ent  individuals  ;  different  j)hysical  conditions  due  to  differences  in  th 
constituents  of  the  blood,  etc. :  the  rai)idity  of  the  heart-beat  ;  the  teir 
perature  of  the  body  ;  the  ])ower  of  the  fixation  of  the  attention  ;  the  ir 
terest  in  the  experiment  ;  and  the  influence  of  emulation.  The  mor 
nearly  these  various  conditions  approach  the  normal  and  the  more  acci 
rate  the  measurement**  are,  the  nearer  will  the  results  for  different  indivic 
uals  conform  to  the  same  law  of  gain  in  rajiidity  and  regularity  of  muscuk 
adjustments.  This  law  of  development  may  receive  mathematical  e^ 
prcssion  either  by  j)crcentages  or  by  algebraical  formulae.  Of  these  tw 
methods,  I  have  adojited  the  former.  I  have  adopted  a  method  som< 
what  similar  to  that  used  by  AMr.KK(;'  for  determining  the  j>ercentag 
of  gain  by  practice.  It  will  be  seen,  however,  that  1  do  not  adopt  h 
method  without  modification. 

Wc  took  the  average  tapping  time  at  the  first  experiment  as  a  measui 
of  the  subject's  ability  without  any  previous  training.  The  differen: 
between  the  averages  of  the  first  and  second  experiments  was  taken  i 
re}>rcsc'nting  the  intluenie  of  practice  during  the  first  experiment.  IJk< 
wise,  the  average  tapj»ing  time  of  tlie  third  exj)eriment  was  subtracte 
from  the  average  of  the  first,  'i'his  j)roi'ess  was  repeated  throughout  th 
series.  Then  taking  the  sum  of  the  whole  number  of  gains  over  th 
average  of  the  first  exj)erinient  and  dividing  l.)y  the  number  of  exjieri 
ments,  we  obtained  the  average  gain  for  the  whole  series  over  th 
results  of  the  first  experiment,  which  wasexj)resse(l  as  a  percentage  of  th 
average  tapping  time  at  the  first  experiment.  lUit  this  did  not  comj)let 
the  series,  for  at  the  su(  ceeding  experiuient  he  began  the  practice  ane\ 
just  as  at  tlic  first  experiment.  It  was,  therefore,  necessary  to  re|>eat  tin 
same  calculation,  taking  the  average  taj)ping  time  at  the  second  experi 
ment  as  the  basis.  In  like  manner,  we  continued  the  j)rocess  for  th< 
whole  number  of  exijerimenls,  thus  obtaining  the  average  ])ercentage  o 
gain,  taking  each  sui'ceeding  experiment  as  the  beginning  of  a  series 
Then  dividing  the  sum  of  these  i)ercentages  by  the  number  of  experiment 

'  AMi:ik(.,   L\l\'r  Jen  IJtulu^s  ion   Af/»<  itspititsin  (t/t/tr'/t-  -,is/ii;c-  /,,/\Jnn^'</a^n\>/(;cti 
l*''\<]u>\<y^'\'>{:hv  Arhoitcn  (  Krae;  elin).  1S96  I  30. 
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we  obtained  the  average  percentage  of  gain  for  the  whole  series  of  experi- 
ments. 

Ihe  formula  for  the  computation  of  these  percentages  may  be  stated  in 
the  following  way. 

Let  the  averages  for  the  ist,  2d  and  3d,  •••,  //th  days  be  a^  by  r,  •••,  /. 
Then  take 

(a  —  /O  -h  {a  —  0  +  {a  —  ./)  +  ...  -h  (^  —  /)  =  ^, 

(/;  -.  ,0    -f    (^  -  '/  )    -f    -   -f    (/^  -  /)   =   B. 

^  -T-  (//—  i)^  =  Affile, 

B  -^{n--2)b^  N^/c, 

(2)  C^(//-3)r=  0%, 


(.3) 


(//  -i")^  +"("//'-  2)/5  +  («  -^  3)^  +'...  +7'      ^''^-  /' 


The  signification  of  such  percentages  is  that  they  give  us  a  true  stand- 
ard for  the  comparative  influence  of  practice  on  different  individuals. 
Although  all  practiced  the  same  amount  each  day  under  similar  condi- 
tions, yet  we  shall  now  see  how  differently  the  percentage  of  gain  in 
speed  of  voluntary  movements  differed  with  each  subject  from  day  to  day 
and  how  similar  were  the  final  results  after  the  completion  of  the  entire 
series. 

Table  III. 
Relative  gain  in  speed  from  day  to  day. 


Hand 

Serial  number  of  day. 

Sul)jt;ct. 

used. 

I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Ave. 

K 

(  R 

0.21 

0.16 

0.17 

0.18 

0.18 

0.1 1 

0.13 

0.02 

0.03 

0.03 

0.12 

J  V  . 

\L 

.14 

.12 

.21 

.12 

.13 

•09 

.04 

.04 

.03 

.02 

.09 

M. 

\  R 

.12 

.19 

.17 

.16 

.12 

.18 

.06 

.07 

.07 

.10 

.12 

\L 

.16 

.18 

.14 

.12 

.05 

.12 

.12 

.16 

.14 

.25 

.14 

s. 

L 

.11 

.20 

.15 

.10 

.10 

.06 

.07 

.08 

.06 

.10 

J. 

R 

.09 

.08 

.05 

.04 

.17 

.08 

.07 

.10 

.08 

p 

{  R 

.32 

;20 

.14 

.06 

.06 

.16 

1  . 

VL 

.17 

.10  - 

-.07 

.09 

.07 

.07 

L. 
11. 

\  R 

d 

.26 
.20 

.22 
.28 

.17 
.18 

.06 
.01 

.13 

.14 

.07 
.05 

.07 
.03 

.14 
.12 

.13 
.14 

The  values  in  columns  I,  2,  ...,  lO  were  calculated  by  formula  (2),  those  in  the 
column  Ave.  by  (3).  The  figure  for  any  particular  day  indicates  the  combined  relative 
^ain  for  all  succeeding  days  over  the  record  for  that  day. 
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The  relative  average  daily  increase  in  speed  is  given  in  Table  III. 
For  the  right  hand  of  K.  the  average  percentage  of  gain  on  the  second 
day  was  21%  over  the  speed  made  at  the  first  experiment.  But,  as  is 
shown  in  the  table,  the  percentages  decreased  perceptibly  until  the  close 
of  the  series  of  exp)eriments,  ending  on  the  eleventh  day  with  a  gain  of 
only  3  fjo  over  the  speed  of  the  tenth  day.  The  small  percentage  in  the 
latter  part  of  the  series  would  seem  to  indicate  that  he  had  approximately 
reached  his  limit  in  rate  of  movement.  So  with  all  the  other  subjects, 
the  percentage  of  gain  in  increase  of  speed  constantly  declined  as  the 
practice  was  continued  from  day  to  day.  The  large  percentages  in  the 
first  part  of  the  series  show  that  the  greatest  gains  are  to  be  made  in  the 
early  part  of  practice. 

The  average  percentage  of  gain  given  in  the  column  of  averages  shows 
the  comparative  value  of  practice  for  each  individual.  Comparing  K.  and 
M. ,  whose  experiments  extended  over  the  same  number  of  days,  we  see 
that  practice  had  the  same  effect  on  the  right  hand  of  each  of  them, 
namely,  12%;  but  for  the  left,  K.*s  average  percentage  of  gain  was  less 
than  for  the  right  hand,  while  with  M.  it  was  even  larger  than  for  the  right. 
So  with  S.  and  J.,  we  see  that  practice  was  of  more  value  for  S.  than  J. 
by  2%.  Likewise  P.  gained  2%  more  with  his  right  hand  than  did  L.  ; 
but  with  the  left  hand  L.  gained  5%  more  than  did  P. 

The  average  daily  decrease  of  error  was  also  derived  according  to  the 
formula  given  on  page  61 ;  the  results  are  given  in  Table  IV. 

Table  IV. 


Relative 

average  daily  decrease  of  error. 

•^      Hand 

Serial  number  of  day. 

X       used. 

I 

2 

3 

4          5           6789           10 

Ave. 

kJA'    045-0.22 

1   Z         .64        .42- 

0.28 
-  .68 

0.27     0.23     o.5[      0.55—0.16 — 0.23 — 0.18 
.29       .11        .10—  .27—  .9   —  .7          .55 

0.15 
.10 

M.  )  '' 

•13 
.25 

.33 

•33- 

.05 

-  .37- 

.54        .30        .52        .16       .21        .32        .07 
-  .33—  .14       .11—  .27—  .11—  .9   —  •59- 

.26 
—  .11 

S.     /, 

.19- 

--  .02 

.17- 

-  .17—  .02 —  .13       .16       .31 

.05 

J.     R 

.11 

.04 

.32- 

-  .30       .04        .27—  .09       .09 

.07 

.43 
•32 

.07 
.26 

.09 
.23 

.27        .07 
.17         .CO 

.19 
•19 

*'■  \  I. 

.38 
.31 

.27 
.29 

•33 
•23 

.12  —  .18 
•30       -32 

.18 
.29 

«lf_ 

.33 

.OQ 

—  .29 

—  .16 

.02 
.11 

The  explanation  is  the  same  as  for  Table  III. 

Comparing  the  decreases  of  the  probable  error  for  K. ,  15%,  and  M., 
26%,  we  see  that  practice  was  more  beneficial  for  the  right  hand  of  M.  than 
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for  the  right  hand  of  K.  But  for  the  left  hand  the  reverse  was  true.  Even 
if  we  cast  out  the  last  practice  of  M.,  on  account  of  its  poor  effect,  the 
—  1 1 '/(.  changes  to  +  6%.  It  should  be  noted  that  the  percentages  for  the 
left  hand  of  K.  and  M.  are  the  reverse  of  those  given  in  Table  III.  Like- 
wise the  same  is  true  for  S.  and  J.,  for  while  S.  gained  more  in  speed,  J. 
gained  more  in  regularity  of  movement.  The  small  percentage  of  de- 
crease of  the  probable  error  would  seem  to  indicate  that  S.  and  J.  kept 
the  order  to  tap  as  quickly  as  possible  in  the  foreground  of  the  attention, 
for  the  percentage  of  gain  in  rapidity  was  larger  for  the  whole  series  with 
each  of  them  than  was  the  reduction  of  the  probable  error.  On  the  con- 
trary with  the  subjects  K.  and  M.  who  had  approximately  reached  their 
utmost  speed  of  voluntary  movement,  the  percentage  of  the  decrease 
of  the  j)robable  error  was  larger  than  the  percentage  of  gain  in  speed. 

We  may  summarize  the  results  given  in  Tables  III.  and  IV.  in  the  fol- 
lowing way  :  P.  made  the  greatest  percentage  of  increase  in  speed  with 
the  right  hand,  and  S.  and  L.  the  greatest  with  the  left  ;  that  of  all  the  sub- 
jects J.  possessed  least  ability  for  development  of  rapid  movements  with 
the  right  hand.  When  regularity,  not  rapidity  is  considered,  the  right 
hands  of  K.  and  M.  and  the  left  hands  of  K.  and  L.  made  the  greatest 
gain  in  regularity  of  movement  while  S.  made  the  least  of  all. 

Relative   average  daily  gain  in  speed  and  decrease  of  error  compared. 

The  average  percentage  of  increase  in  speed  and  of  decrease  in  the 
jjrobable  error  from  day  to  day  for  all  the  subjects  were  compared  ;  the 
lesults  are  expressed  in  the  A  and  B  curves  of  Fig.  9.     These  curves 


20^ 


\S% 


J0% 


s% 


J     f      1      f      I      I      ?      f      i      t 

Fig.  9. 

Xy  upper  line,  serial  number  of  day. 

A',  lower  line,  days  of  previous  practice. 

K,  relative  increase  in  speed  (B)  and  decrease  in  probable  error  (.A). 
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show  very  clearly  that  whereas  the  percentage  of  gain  in  rapidity  <^ 
movement  is  larger  in  the  first  [)art  of  the  series  of  the  exp>eriments,  in 
the  latter  part  the  greatest  influence  is  directed  toward  the  reduction  of 
the  irregularity  of  the  movements. 

Considering  the  curves  A  and  B  as  representatives  of  the  influence 
of  practice  on  seven  subjects,  indicating  the  gain  made  in  six  to  eleven 
days,  we  are  justified  in  making  the  following  general  statements  con- 
cerning muscular  action. 

First,  the  gain  in  rapidity  and  the  gain  in  regularity  of  muscular  action 
are  greatest  during  the  first  periods  of  exercise  ;  one  or  both  of  these 
continues  to  diminish  as  practice  continues  at  each  experiment  as  well  as 
at  successive  experiments. 

Second,  during  the  earlier  periods  of  exercise  practice  has  greater  ef- 
fect upon  the  rapidity  of  muscular  action,  but  later  its  greater  effect  is  in 
the  reduction  of  the  irregularity  of  voluntary  movement. 

Third,  the  relations  of  rapidity  and  irregularity  are  largely  affected 
by  the  relative  complexity  of  the  muscular  movements,  the  number  of 
muscles  undergoing  training,  and  the  subject's  power  of  concentration  of 
attention. 

ir.   Drawing  circles. 

The  object  of  this  set  of  experiments  in  drawing  circles  was  to  show  : 
(i)  the  gain  in  the  reduction  of  imperfections  in  the  drawings  during 
each  experiment  and  from  day  to  day;  (2)  the  influence  that  a  copy- 
placed  before  the  subject  had  upon  the  size  of  his  drawings. 

A  package  of  ten  sheets  of  paper,  125""™  by  100"*™,  was  placed  before 
the  subject,  sitting  at  a  table.     A  sheet  of  paper  with  a  circle  of  60"""  in 
diameter,  described  with  a  compass,  was  placed  before  him  as  a  copy  ; 
he  was  asked  to  look  carefully  at  it  each  time  before  commencing  to  draw 
his  circle.     The  copysheet  was  the  same  size  as  those  used  by  the  subject. 
The  ten  slips  of  paper  lay  one  upon  the  other  at  the  start ;  the  experi- 
menter stood  by  and  removed  them  as  the  circles  were  drawn.     Thus  all 
visual  comparison  with  previously  drawn  circles  was  prevented.     It  was 
impressed  upon  the  subject  that  he  should  keep  the  true  circle  constantly 
in  memory  after  he  took  his  eyes  off"  the  copy  to  direct  his  hand.     The 
circles  were  drawn  with  the  free  hand,  no  portion  of  the  hand  or  arm 
being  allowed  to  rest  on  the  table  during  the  process.     No  restrictions 
were  imposed  on  the  time  consumed  in  the  drawing  of  the  circles.     All 
distracting  influences  were  removed.     Before  beginning,  the  subject  was 
enjoined  to  do  his  best  at  each  trial. 

The  subjects  were  J.  F.  and  S.  F.,  teachers  in  the  primary  grades  of 
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the  New  Haven  city  schools,  who  had  previously  had  considerable 
practice  in  drawing  circles  in  the  school-room  ;  M.  C,  a  girl  of  twelve  ; 
B.,  C,  H.  and  J.,  students  in  the  university. 

A  characteristic  expression  for  the  deviation  of  the  drawn  curve  from 
the  true  circle  may  be  found  by  comparing  the  longest  diameter  with  the 
shortest  one.  The  two  diameters  were  measured  in  millimeters  and  theii 
difference  was  considered  as  the  amount  of  error. 

It  was  deemed  advisable  to  limit  the  number  of  circles  drawn  at  one 
sitting  to  ten,  so  that  the  element  of  fatigue  might  be  almost  if  not  com- 
pletely  eliminated.  Preliminary  experimentation  showed  that  the  influ- 
ence of  fatigue  w^as  not  perceptibly  present  with  the  right  hand  until  the 
ninth  or  tenth  repetition,  and  with  the  left  hand  until  the  fifth  to  seventh 
repetitions.  However,  those  curves  in  the  series  which  most  nearly  ap- 
proximated true  circles  resulted  in  attempts  ranging  from  the  fourth  to 
the  seventh.  Consequently,  under  ordinary  circumstances,  the  drawing 
of  five  circles  would  give  sufficient  practice  for  the  subject  to  reach  an 
approximate  maximum  of  accuracy  of  adjustment.  Hence  it  was  deemed 
Ixjst  to  stop  the  experiment  at  a  point  where  the  subject  was  gaining  in 
accuracy  rather  than  to  continue  it  until  the  errror  began  to  increase. 

Gai7i  on  successive  days. 

The  average  errors  for  each  day  are  shown  in  Table  V. 

Table  V. 


Subject. 
B. 

M.C 

C. 

J.F. 

S.  Y. 


H. 


Hand 
used. 

(  A' 
(  A* 
(A 

(  R 


Average  error  on  successive  days. 

Serial  number  of  experiment. 

4 


12 
lO 

ID 

6 
10 

6 
II 

6 

7 

9 

7 

II 
9 


9 
9 

9 
10 

6 

9 

6 
10 

6 
6 

9 
8 

6 
13 


3 
12 

7 

7 
7 

5 
9 

5 
9 

6 

5 

8 
10 

5 
8 


II 

5 

7 
6 

4 
9 

5 
8 

5 

5 

7 
8 

5 
\i 


5 
8 
5 
6 
5 

% 

3 
8 

4 
4 

7 
9 

4 

7 


9 
8 

5 
4 

3 
7 

2 
4 

4 
4 

6 
10 

3 
6 


The  unit  of  measurement  is  l"". 

Number  of  experiments  each  day,  5  with  either  hand. 

The  probable  error  of  a  determination  varies  from  it  I 
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As  is  shown  in  these  figures,  practice  with  the  left  hand  gave  more  irreg- 
ular results  than  that  with  the  right..  However,  B/s  record  was  an  excep- 
tion in  that  the  error  was  not  so  large  as  that  for  the  right  hand.  More- 
over, the  error  decreased  more  rapidly  in  the  practice  with  his  left  hand. 
The  small  and  irregular  gain  with  his  right  hand  may  have  been  due  to 
a  tendency  to  accomplish  the  task  with  great  rapidity  and  to  previous 
practice  in  writing,  for  his  penmanship  was  sharp  and  pointed.  Hence 
the  left  hand  had  the  advantage  over  the  right  since  the  right  hand  not 
only  had  to  form  a  habit  for  a  certain  movement  but  to  reform  one. 

With  H.  and  J.  the  lack  of  improvement  with  the  left  hand  was  due  to 
a  decrease  of  effort.  I  observed  that  they  made  great  effort  on  the  first 
day  ;  but  after  that  they  declared  it  useless  for  them  to  practice  with  the 
left  hand  because  improvement  was  hopeless.  These  two  records  plainly 
demonstrate  the  influence  of  confidence  in  one's  ability  upon  one's  de- 
velopment. Puq>oseful  attention  and  persistent  effort  on  the  part  of  the 
subject  are  the  two  most  essential  elements  in  practice  for  the  establish- 
ment of  any  definite  mode  of  muscular  action. 

Though  the  amount  of  gain  with  C.  was  the  same  for  each  hand,  yet 
the  magnitude  of  the  error  at  the  beginning  of  the  series  with  the  left 
hand  gave  more  scope  for  improvement,  and  had  the  subject  been  equally 
skillful  with  his  left  hand  the  curve  would  have  descended  much  more 
abruptly.  On  the  contrary,  M.C.  gained  more  with  the  left  hand 
than  she  did  with  the  right.  The  very  regular  decrease  of  the  error  with 
this  subject  from  day  to  day  shows  the  influence  of  persistent  effort ;  I 
observed  that  she  was  very  careful  throughout  the  whole  set  of  experi- 
ments. 

Though  there  was  a  gain  of  7°""  for  the  left  hand  of  J.F.  as  contrasted 
with  a  gain  of  4"""  for  the  right,  yet  most  of  the  decrease  in   the  error 
for  the  left  hand  occurred  at  the  last  experiment,  which  was  undoubtedly 
due  to  the  extra  effort  put  forth.     Though  the  subject  thought  all   along 
that  she  was  doing  her  best  while  practicing  with  the  left  hand,  yet  after 
the  close  of  the  series  she  said  that  she  was  conscious  of  having  made 
considerably  greater  effort  at  the  last  experiment.     None  of  the  subjects 
save  J.F.  knew  that  the  sixth  day's  trial  would  close  the  set  of  experi- 
ments. 

Gain  in  successive  circles. 

The  average  of  the  errors  for  all  first  circles,  that  for  all  second  circles, 
etc.,  were  taken.  The  results,  Table  VI.,  show  that  with  the  most  of  the 
subjects  the  error  became  less  as  the  practice  was  continued. 
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Subject. 

B. 
M.C. 

J.F. 
S.F. 

II. 

J. 


Hand 
used. 

I 

II 
8 

f  R 

10 

7 

f  R 

6 
10 

(  R 

6 
9 

\  R 

6 

7 

s  R 

8 
9 

\i 

7 
6 

Tab  LP:  VI. 


j^Z't'rajre  error  for  su'cessu'i  circles. 

Serial  number  of  circle. 


9 
7 

7 
7 

5 
8 

4 

7 

5 
4 

6 
9 

5 
8 


The  unit  of  measurement  is  1°"". 

Each  figure  is  the  average  of  6  experiments. 

The  probable  error  of  a  determination  varies  from  db  0.9"*"  to  db  o.  I 


10 

9 

5 

9 

9 
6 

8 
6 

5 

5 

9 

9 

5 
9 

5 
8 

6 
6 

5 
6 

7 
8 

7 
7 

6 

6 

9 

10 

10 
9 

7 
8 

4 

7 

3 
7 

3 
4 

6 
10 

4 
10 


mm 


It  has  been  proposed  by  Dr.  Scripture  to  call  the  curve  of  change  for 
a  single  continuous  experimental  session  the  **  curve  of  practice"  and 
the  curve  of  change  for  successive  sessions  the  ''curve  of  habit."  In 
the  present  case  the  gain  on  successive  days  would  be  represented  by  a 
curve  of  habit  and  the  gain  in  successive  circles  by  a  curve  of  practice. 

In  the  case  of  M.  C.  the  practice  and  habit  curves  are  alike  in  that 
they  each  begin  with  an  error  of  10"°  and  end  with  7°".  The  maximum 
decrease  of  error  was  not  reached  until  the  fourth  circle  was  drawn  with 
the  right  hand,  while  it  was  reached  in  the  second  with  the  left.  The 
control  of  the  movements  of  the  left  arm  was  evidently  not  sufficiently 
developed  to  prevent  fatigue  during  the  time  required  to  make  five  circles. 

The  similarity  between  the  practice  and  habit  curves  seems  to  indicate 
that  the  development  during  each  practice  period  follows  closely  the  same 
law  as  does  the  daily  progress,  for  in  both  alike  the  gain  is  most  rapid  in 
the  first  part  of  the  exercise.  However,  the  amount  of  gain  for  the  dif- 
ferent subjects  varies  considerably;  this  I  attribute  to  the  differences  in 
the  muscular  memories  of  different  individuals.  With  some,  the  error  of 
the  first  circle  on  successive  days  was  only  slightly  larger  than  the  aver- 
age for  all  the  circles  made  on  the  preceding  day,  while  with  others  it 
was  in  some  instances  equal  to  that  at  the  beginning  of  the  preceding  ex- 
periment but  rapidly  decreased.    The  law  of  practice  and  the  law  of 
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habit  are  presumably  of  the  same  general  form  with  different  constants  for 
different  circumstances. 

Comparison  of  the  drawn  cur-ce  with  the  original  circle. 

In  order  to  indicate  the  size  of  the  curve  drawn  as  a  circle,  four 
diameters  were  measured  and  their  average  taken.  The  diameters 
measured  were  the  shortest,  the  longest  and  the  two  45°  from  these. 
These  measurements  furnished  an  approximate  estimate  for  determin- 
ing how  much  change,  if  any,  there  had  been  in  reproducing  the  copy 

circle  of  60""  in  diameter. 

Table  VII. 
A.   Size  of  successive  circles. 


Hand 

Sei 

rial  nuc 

uber  i 

of  circ; 

le. 

Subject. 

used. 

I 

2 

3 

4 

5 

B. 

{i 

62 

59 

64 
62 

66 
60 

63 
62 

62 
60 

M.  C. 

{1 

64 
61 

61 
58 

58 
59 

57 
59 

54 
62 

C. 

{i 

60 

58 

61 
62 

62 
6( 

64 
65 

68 
69 

H. 

{I 

61 
62 

60 
63 

58 
64 

57 
63 

55 
62 

J. 

{",. 

61 
58 

62 
59 

63 
61 

65 
60 

68 

63 

S.  F. 

{".. 

61 
61 

62 
62 

64 
62 

65 
63 

67 
64 

J.  F. 

{I 

63 
63 

58 
63 

60 
65 

60 
60 

60 
63 

B.  Diiily 

(I'rrai^e  size  of 

circle 

Hand 

Serial  1 

number 

of  experiment. 

Subject. 

used. 

I 

2 

3 

4 

5 

6 

B. 

{I 

65 
57 

59 
61 

62 
61 

63 
62 

67 
63 

65 
60 

M.  C. 

{",. 

66 

64 

62 

61 

57 
61 

55 
60 

55 
57 

54 
56 

C. 

61 
61 

62 
62 

63 
62 

63 
64 

65 
64 

65 
65 

H. 

(  R 

60 
6[ 

58 
63 

58 
63 

57 
62 

57 
63 

56 
63 

J. 

68 
59 

65 
63 

64 

57 

63 
63 

63 
61 

62 
55 

S.  F. 

{  R 

70 
70 

65 
64 

65 
61 

63 
59 

62 
59 

60 
•58 

J.  F. 

[1 

62 
66 

6r 
64 

60 
63 

60 
62 

60 
60 

60 
62 

The  unit  of  measurement  is  i"™. 

In  section  A,  each  figure  is  the  average  of  six  experiments. 

In  section  B,  each  figure  is  the  average  of  five  circles. 

The  probable  error  of  a  determination  varies  from  ±:2.I""  to 
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There  were  two  points  to  which  the  subject  was  required  to  direct 
his  attention  in  making  each  figure :  the  roundness  of  the  figure  and  its 
correspondence  in  size  to  the  copy.  We  shall  now  answer  the  question 
whether  the  subject  directed  his  attention  more  especially  to  the  former 
or  the  latter  point. 

The  results  given  in  the  above  table  show  three  types  of  practice  :  (i) 
that  in  which  the  subject  decreased  the  size  of  the  circle  both  during  the 
progress  of  each  experiment  and  from  day  to  day,  (2)  that  in  which  the 
size  of  the  circle  was  increased  during  the  experiment  but  decreased  from 
day  to  day,  (3)  that  in  which  there  was  but  little  variation  either  during 
the  experiment  or  from  day  to  day.  The  first  two  classes  characterize 
those  w  ho  regarded  more  carefully  the  smoothness  of  contour  of  their  own 
drawn  curves  than  they  did  the  correspondence  in  size  to  that  of  the 
coi)y.  The  third  class  were  those  who  directed  their  attention  more  es- 
pecially to  the  size  of  the  curve,  and  who  observed  the  copy  closely  each 
time  before  beginning  to  draw  their  own  curves. 

The  measurements  for  B.  showed  that  during  the  first  three  experi- 
ments he  began  by  making  the  circle  smaller  than  the  copy,  but  in- 
creased its  size  during  the  experiment  until  it  was  larger  than  the  copy, 
whether  the  right  or  the  left  hand  was  used.  During  this  period  he  made 
the  circles  by  moving  each  hand  counter-clockwise.  During  the  practice 
of  the  last  three  experiments,  for  some  unknown  reason,  he  reversed  the 
direction  of  the  movement  for  each  hand  and  as  a  result  the  size  of  the  suc- 
cessive circles  was  constantly  decreased.  The  subject  was  not  conscious 
of  having  made  any  change  in  the  direction  of  the  movement  of  either 
hand,  and  was  unable  to  say  which  way  he  had  moved  his  hand  in  the 
last  experiment  until  he  had  made  the  motion  as  if  making  a  circle,  so 
unc  onsciously  was  the  movement  performed.  Questioning  the  subject  at 
the  close  of  the  series  brought  out  the  fact  that  this  reversal  may  have 
been  due  to  practice  on  the  inverted  oval  as  seen  in  the  capital  W,  Ex- 
cei)ting  the  change  in  the  size  of  successive  circles  with  the  change  in 
the  direction  of  the  movement  of  the  hand,  all  the  changes  occurring 
during  any  one  practice  may  be  easily  accounted  for.  If,  for  instance, 
after  making  the  first  circle,  he  judged  that  one  to  have  been  smaller  or 
larger  than  the  copy,  then  in  the  following  he  proceeded  to  correct  it. 

rhe  figures  given  in  Table  VII.  show  that  he  made  greater  effort  to  ap- 
]) roach  the  copy  when  practicing  with  the  left  hand  than  he  did  with  the 
right.  Moreover,  I  obser\'ed  that  he  regarded  the  copy  more  carefully 
each  time  when  practicing  with  the  left  hand.  The  care  directed  toward 
accuracy  of  contour  and  size  of  circles  drawn  with  the  left  hand  caused 
the  time  consumed  in  making  the  circles  with  the  left  hand  to  be  about 
one -fourth  longer  than  with  the  right  hand. 
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With  M.  C. ,  the  right  hand  was  directed  counter-clockwise^  as  was  tk 
case  with  all  the  other  subjects  save  B. ,  already  mentioned  ;  the  left  vas 
moved  in  the  opposite  direction.     Starting  with  a  diameter  of  7 1""  for  the 
first  circle  with  the  right  hand,  she  reduced  the  diameter  to  6 1"™  during  the 
first  experiment.     Likewise  the  decrease  in  the  size  of  successive  circles 
continued  throughout  the  series  of  experiments,  becoming  less,  however, 
at  each  successive  experiment.     The  average  of  all   the   exp>eriments, 
Table  VII.,  shows  a  decrease  of  10°""  in  the  size  of  successive  circles  ;  and 
in  the  daily  averages  there  was  a  total  decrease  of  1 1"".      These  figures 
show  that  the  subject  decreased  the  size  of  the  circle  with  the  right  hand 
both  during  the  process  of  the  experiment  and  from  day  to  day.      Likewise 
the  average  of  successive  circles  for  the  left  hand  shows   that  the  size  of 
the  circle  was  decreased  in  the  second  circle,  but  increased  thereafter. 
The  decrease  of  the  size  of  successive  circles  for  the  left  hand  was  not  so 
large  as  for  the  right,  which  indicates  that  the  subject  directed  her  atten- 
tion more  especially  to  the  size  of  the  circle  when  practicing  with  the  left 
hand,  and  to  the  smoothness  of  contour  of  her  own  curves  when  practicing 
with  the  right. 

The  subject  C.  seemed  to  give  closer  attention  to  the  copy  when  practic- 
ing with  the  left  hand  but  more  especially  at  the  beginning  of  eachexperi- 
ment.  As  was  the  case  with  most  of  the  others,  the  principal  consideration 
at  the  beginning  of  each  exi>eriment  seemed  to  be  to  make  the  circle  the 
same  size  as  that  of  the  copy ;  but  when  the  copy  did  not  correspond  to 
the  natural  adjustments  of  the  muscles  and  when  an  attempt  to  follow  the 
size  of  the  copy  caused  an  increase  of  the  error,  the  subject's  sesthetic 
feeling  for  smoothness  of  contour  in  his  own  curves  soon  gained  control 
of  the  movements,  and  consequently  the  size  of  the  copy  was  wholly 
disregarded. 

Since  S.  F.  made  such  small  gains  in  the  decrease  of  the  angularities  of 
her  curves,  we  are  justified  in  concluding  that  she  directed  her  attention 
more  especially  to  making  her  curves  the  same  in  size  as  the  copy. 
Though  there  was  a  constant  tendency  to  increase  the  size  of  successive 
circles  throughout  the  experiment,  yet  the  table  shows  that  she  decreased 
the  average  size  of  the  circles  in  six  days'  practice  with  the  right  hand 
from  70°°'  to  60°"",  and  with  the  left  from  70"™  to  58""".      I  observed  that 
during  the  first  experiment  she  paid  more  attention  to  the  smoothness  of 
her  curves  than  to  their  size,  but  with  practice,  however,  she  became 
more  regardful  of  their  size.     In  order  to  make  a  test  on  the  point 
whether  the  size  of  the  copy  had  any  influence  on  the  error  in  the  draw- 
ings, I  made  a  few  experiments  on  this  subject  in  which  no  copy  was 
used.     As  a  result  the  circles  were  somewhat  larger  than  those  made  at 
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the  first  experiment  and  the  error  was  less.  These  results  for  S.  F.  furnish 
an  example  of  the  development  of  the  inhibitory  powers  in  overcoming 
the  muscular  adjustments  for  larger  movements  of  the  arm. 

The  most  important  feature  of  practice  with  J.  F.  was  the  approach  in 
the  size  of  the  circles  to  that  of  the  copy.  Questioning  the  subject  at  the 
close  of  the  series  brought  out  the  fact  that  she  had  fixed  her  attention 
more  especially  on  the  size  of  the  circle.  Her  statement  is  confirmed  by 
the  large  number  of  alternations  in  successive  circles,  so  numerous  in  fact, 
that  there  were  scarcely  two  successive  circles  of  the  same  size.  There 
was,  moreover,  no  tendency  to  increase  or  decrease  the  size  of  successive 
circles  as  with  the  other  subjects.  The  correcting  process  was  continued 
throughout  the  series  but  the  corrections  decreased  in  amount  as  practice 
continued  day  by  day.  For  instance,  there  was  a  variation  of  8  "^  in  the 
size  of  the  circles  drawn  with  the  right  hand  on  the  first  day  while  there 
was  only  3™"'  variation  on  the  last  day.  Such  a  gradual  reduction  of  the 
variations  in  the  size  of  successive  circles  from  day  to  day  demonstrates 
the  influence  of  practice  in  giving  control  over  muscular  adjustments. 
The  exaggerated  adjustments  are  not  in  my  opinion  so  much  due  to  the 
lack  of  judgment  as  to  the  inertia  of  the  muscles;  when  they  do  yield  to 
the  will,  such  momentum  is  acquired  that  the  movement  is  as  likely  as  not 
to  be  exaggerated.  The  great  difference  in  the  development  of  control 
over  muscular  adjustments  between  J.  F.  and  the  other  subjects  was  due  to 
the  close  attention  that  she  gave  to  the  copy  before  attempting  her  circle. 
She  not  only  observed  the  copy  carefully  at  the  beginning  of  the  exercise 
but  also  before  attempting  each  circle. 

Daily  decrease  of  error  expressed  in  percentages. 

The  percentages  given  in  Table  VIII.  were  computed  according  to  the 
method  given  on  page  61  ;  they  show  the  comparative  effects  of  practice 
on  ♦he  different  subjects.  We  notice  that  equal  amounts  of  practice  had 
influences  on  the  different  subjects  ranging  in  value  from  —  12  %  to 
-j-  37  %.  In  the  case  of  B.  the  average  gain  was  8  %  for  the  right 
hand  and  13  %  for  the  left.  This  signifies  that  although  losses  occurred 
on  some  days  yet  upon  the  whole,  the  good  effects  of  practice  overbal- 
anced the  evil  effects  of  practice. 

The  percentages  for  M.C.  show  a  decrease  from  day  to  day  with  each 
hand.  It  is  particularly  noticeable  in  the  case  of  the  left  hand  where  the 
gain  of  the  last  over  the  first  day  amounted  to  50  %,  which,  however, 
decreased  very  rapidly  until  the  sixth  day  when  there  was  no  gain  over 
the  preceding  day.  These  percentages  show  that  practice  had  3  % 
greater  effect  in  the  development  of  control  over  the  movements  of  the 
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left  hand  than  for  the  right.  On  the  contrary,  with  C.  the  gain  was  12$ 
larger  for  the  right  hand  than  for  the  left.  Moreover,  the  percentiles 
from  day  to  day  showed  no  diminution  in  the  influence  of  practice. 

Taijle  VIII. 

AWii/irr  aiem^e  Jaiiy  decrease  of  error  due  to  practice. 


Hand 

Seri: 

il  number 

of  day. 

Subject. 

used. 

I 

2 

3 

4 

5 

Ave. 

B. 

\i 

o.fS 
.60 

— O.Il 

•3» 

0.22 
.14 

0.23 
—    30 

—0.12 
—  -32 

0.0S 
•13 

M.  C. 

\  K 

3^ 

'>0 

•31 
42 

•>4 
.24 

.31 
•17 

.17 
.00 

•23 

.27 

C. 

■27 
.16 

•33 
.OS 

.27 
.11 

.12 
.17 

.25 
.12 

•25 

.13 

J.   F. 

{I 

•30 
.29 

•37 
•*i 

•33 
.26 

•50 
"25 

.33 
•50 

-37 
.32 

S    F. 

•17 
•31 

.21 

.28 
•13 

.20 
.20 

.17 
.iS 

H. 

if 

.iS 
—    23 

.22 

—  •»5 

.17 

.10 

.07 
—     19 

—  .11 

—  .12 

J. 

(  A' 
U 

.vS 

—  .02 

.29 
.36 

.20 
—  -04 

•30 
.46 

.25 

.14 

.32 
.18 

'ITie  percentages  given  in  this  table  wen-  computed  from  the  results  given  in  Table  V. 
according  to  the  formulas  explained  on  page  6i.  The  values  in  columns  i ,  2,  ...,  5,  arc 
calculated  by  formula  (2),  tho>c  in  the  last  column  by  (3). 

The  very  considerable  effect  of  practice  on  J.  F.  showed  itself  both  in 
the  increase  of  the  percentage  from  day  to  day  and  in  her  making  a  larger 
average  percentage  of  gain  with  each  hand  than  any  of  the  other  sub- 
jects.    As  already  observed,  S.  F.  varied  from  the  copy  more  with  the 
left  hand  than  with  the  right,  the  reduction  of  the  error  being    i  ^ 
greater  for  the  left  hand  than  for  the  right.     Considering  the  fact   that 
she  was  decidedly  right-handed,  this  is  important  as  it  shows  how  a  change 
in  the    fixation  of  attention  alters  the  influence  of  practice.      On     the 
other  hand,  with  H.  we  find  that  practice  had  an  opposite  effect,  for  with 
the  right  hand  there  was  a  gain    of  15  %,   while  with  the  left    there 
was  a  loss  of  1 2  ^/r . 

Error  for  successive  circles  expressed  in  percentages. 

In  the  same  manner  as  in  the  preceding  section,  the  percentage  of  de- 
crease in  the  error  for  successive  circles  was  determined,  which  showed 
in  every  case  a  gain  with  the  right  hand  during  each  practice  period, 
ranging  in  values  from  i  %  to  27  %.  With  the  left  hand,  the  per- 
centages varied  from  —  20  ^r  to  21  9&»  though  in  four  out  of  seven  cases. 
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the  i^ercentages  showed  a  loss  for  the  left  hand.  This  demonstrates  very 
clearly  that  with  untrained  muscles  a  constant  standard  can  usually  be  sus- 
tained only  for  a  very  short  interval  of  time.  However,  the  ability  for 
continuing  the  exercise  with  increased  regularity  for  a  longer  time  in- 
creases with  practice. 

Taulk  IX. 

Kehitize  nvcra^fc  decrease  of  error  for  successive  circles. 


Hand 

Serial  number  of  circl 

e. 

Subject. 

used. 
(A* 

I 
14 

6 

2 

7 
—17 

3 
—  6 

II 

4 
—  II 
—29 

Ave. 

I 
—  20 

M.  C. 

S  A' 

22 
4 

17 
—17 

6 
—15 

0 
—14 

II 
— 10 

C. 

{1. 

21 
17 

7 
II 

10 
17 

20 
12 

19 
14 

T.  K. 

{1. 

29 
14 

20 
18 

30 
12 

25 
0 

26 
II 

S.  F. 

(A- 

21 

28 

27 
22 

20 
33 

40 
0 

27 
21 

H. 

{1 

19 

6 

9 
8 

14 
—30 

0 
— II 

10 
— 12 

J. 

(  R 
XL 

25 
—54 

17 
—  4 

25 
10 

20 
—25 

22 

18 

1  he  percentages  given  in  this  table  were  computed  from  the  results  given  in  Table  VI. 
acconling  lo  the  fonnulas  on  page  61. 

Observations  and  deductions. 

1  observed  that  when  a  special  effort  was  made  it  was  usually  ac- 
companied by  unnecessary  movements  of  the  body.  P'or  instance,  C. 
in  the  first  part  of  the  series  of  experiments  would  contract  the  jaw 
nuiscles  ;  J.  would  bite  his  lip)s ;  some  would  twist  the  mouth  ;  others 
would  knit  the  eyebrows.  As  practice  continued,  however,  and  the 
action  became  more  habitual,  these  distortions  for  the  most  part  disap- 
peared. Undoubtedly  whenever  there  is  a  tension  of  some  muscles  while 
others  are  being  vigorously  exercised,  they  become  influenced  in  pro- 
])ortion  to  this  tension. 

In  sonic  instances  I  have  observed  that  when  the  subject  noticed  an 
irregularity  in  his  figure,  a  desire  to  improve  upon  this  seemed  to  excite 
the  ner\  ous  centers  so  much  that  the  following  effort  would  not  be  so 
good  as  the  preceding.  Although  the  gain  in  proficiency  is  not  entirely 
a  ]^hysiological  process,  yet  any  chain  of  actions  must  be  repeated  a 
nuinl)er  of  times  before  it  becomes  established  in  the  automatic  centers. 
However,  the  amount  of  practice  required  for  any  chain  of  actions  to  be 
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carried  on  with  the  minimum  amount  of  attention  and  effort  is  a  psycho- 
logical factor,  depending  upon  the  intellectual  vigor  of  the  individual. 

These  experiments  bring  out  some  striking  differences  in  the  develop- 
ment of  the  movements  of  the  right  and  left  hands.  For  instance,  the 
practice  cur\'e  for  the  right  hand  followed  closely  the  direction  of  the 
habit  cur\e  ;  while  with  the  left,  instead  of  there  being  a  gain  during  each 
practice,  there  was,  in  some  instances,  a  decrease  in  accuracy  of  the 
drawings  as  the  practice  continued.  This  difference  in  the  practice 
curves  for  each  hand,  I  attribute  to  the  special  effort  of  attention  called 
forth  at  the  beginning  of  the  experiment  with  practice  of  the  left  hand. 
When  practice  is  carried  on  until  the  movements  become  irregular,  the 
practice  becomes  injurious,  for  the  irregular  movements  become  incor- 
porated into  the  chain  of  reactions  as  certainly  as  do  those  which  are 
purposefully  directed.  Therefore,  practice  may  tend  to  establish  irregu- 
lar adjustments  as  well  as  regular  ones.  Speaking  figuratively,  the  cap- 
ital on  hand  at  the  beginning  of  each  succeeding  practice  period  is  the 
sum  of  the  preceding  practices.  Consequently,  the  larger  the  probable 
error  of  the  average  of  all  the  preceding  practices,  the  more  irregular 
will  be  the  movements  of  the  muscles  at  the  succeeding  practice.  Hence 
better  results  might  have  been  obtained  in  those  cases  where  the  error 
increased  after  the  third  circle  if  the  practice  periods  had  been  shorter  in 
the  first  part  of  the  series  and  more  prolonged  in  the  latter  part. 

Owing  to  the  fact  that  some  of  the  subjects  increased  the  size  of  suc- 
cessive circles  and  others  decreased  them,  we  are  justified  in  concluding 
that  there  is  a  certain  adjustment  of  the  muscles  in  writing  and  drawing 
most  suitable  for  each  individual  which  should  be  taken  into  consider- 
ation when  training  the  muscles  for  accurate  adjustment.     If  the  size   of 
the  copy  corresponds  to  the  natural  adjustment,  the  subject  needs  only  to 
direct  his  attention  to  the  smoothness  of  his  figures,  otherwise,  he  has  to 
contend  with  the  distracting  element  of  the  size.     Therefore  the  amount 
of  gain  in  accuracy   of  adjustment  will    be   influenced  thereby.       The 
general  conclusion  is  that,  in  the  earlier  stages  of  muscular  development, 
the  size  of  the  copy  should  be  adjusted  to  the  natural  movements  of 
the  muscles.     If  this  is  not  done  it  may  prove  such  a  distracting  element 
that  the  subject  will  discard  it  altogether,  for,  as  we   have  seen,  the  at- 
tention is  always  directed  first  toward  smoothness  of  contour,  or  freedom 
from  angularities.     Psychologically  the  order  of  development  is  in  such 
movements  as  writing  and  drawing,  (i)  reduction  of  irregularities,  (2^ 
correctness  in  size;  and  in  movements  where  agility  is  involved,   (i) 
rapidity,  (2)  regularity. 

The  correspondence  in  the  decrease  or  increase  of  the  size  of  the 


Researches  in  practice  ami  habit.  75 

circle  and  the  average  daily  error,  as  shown  in  these  experiments,  in- 
dicates (i)  that  some  distinct  relation  exists  between  the  error  and  the 
size  of  the  circle ;  (2)  that  the  subject's  attention,  especially  in  the  case 
of  the  right  hand,  was  usually  directed  to  the  decrease  of  the  error  rather 
than  to  making  the  circles  of  a  size  corresponding  to  that  of  the  copy  ; 
(3)  that  the  muscles  of  the  right  hand,  trained  to  make  certain  move- 
ments, found  it  difficult  in  some  instances  to  establish  an  entirely  new 
set  of  reflexes. 

Finally,  these  results  support  the  principle  that  a  short  exercise  often 
repeated  is  the  best  method  of  practice  for  rapid  development  of  accurate 
adjustments  of  the  muscles.  There  is  no  doubt  that  many  of  the  long 
exercises  in  writing  and  drawing  and  other  subjects  in  the  school-room 
often  engender  habitual  inattention  in  the  pupils.  They  are  often  com- 
pelled to  write  continuously  for  several  minutes ;  the  wisdom  of  this  is 
doubtful  when  we  consider  that  in  the  case  of  well -developed  persons  five 
trials  at  one  time  in  the  experiments  with  circles  gave  the  best  general 
results  attainable  at  one  sitting.  Hence  long  practice  at  writing,  draw- 
ing, piano-playing,  etc.,  seems  to  be  time  and  energy  wasted,  for  not 
only  are  inattentive  habits  cultivated,  but  every  wrong  adjustment  of  the 
muscles  gains  a  place  in  the  chain  of  subconscious  memories  and  there- 
fore delays  the  development  of  the  control  over  the  muscles  for  accu- 
rate adjustments.  The  practice  at  each  sitting  should  last  only  so  long 
as  the  movements  are  purposefully  directed. 

III.   Development  of  control  over  untrained  muscles. 

The  object  of  this  set  of  experiments  was  to  ascertain  the  influence  of 
I)ra('tice  on  entirely  untrained  muscles  and  less  adaptable  joints.  The 
experiments,  made  on  the  left  large  toe  of  Mr.  Davis,  covered  a  period 
of  ten  days.  Four  phases  of  the  toe's  movement  were  recorded,  the 
time  of  the  downward  motion,  the  downward  rest,  the  upward  motion, 
and  finally  the  upward  rest.  As  each  movement  of  the  digit  required 
the  exercise  of  several  muscles,  the  object  of  measuring  each  of  these  four 
phases  of  the  toe's  movement  was  to  show:  (i)  the  differences  in  time 
for  the  phases  of  the  movement;  (2)  the  influence  of  practice  on  the 
phases;  (3)  the  influence  of  practice  on  the  shortening  of  the  time  of 
the  entire  movement  of  the  toe. 

Apparatus, 

The  apparatus  was  virtually  the  same  as  that  previously  described  in 
these  Studies.*     The  single  100  v.  d.  fork  was,  however,  replaced  by  the 

'  ScRiniRE,  Elementary  cou*se  in  psychohi^ical  measurements^  Stud.  Yale  Psych. 
Lab.,  1896  IV  113. 
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i.irii<'il  '111  Willi  iIk  iiiiniinuiii  ainotint  of  attention  and  effort  is  .1 
Ki(;i.iil  I'.i.  inr,  ik]n-ni!iiii;  m-on  the  intellectual  vif^or  of  the  iniln. 

Ilif^'  i\|niiiiii'nts  Irriri:;  init  -oiiK'  striking  differences  in  thi  1 
iiii-iit  oi  the  im>iviLiiiii>  111  ihi-  rij;lii  ami  Ictl  hands.  For  in>i.i: 
[irj.  ti.  I- .  iiMt  lor  tin-  tv^\\i  liunil  rolkiwtil  closely  the  din:-ctii.i:: 
luMl  ii!r\c  I  «liili'  Hiili  ihi-  Iti'i.  in.-ii-ail  of  there  bein^a  gain<i':r:; 
|.r,ut:.f.  ihiti-  W.I-,  ill  Miun'  instaiuts.  a  de< Tease  in  accuracy 
tlr.ittiii^--  .Is  ihi-  liratiiiv  iinuiiuieiJ.  This  tiifiference  in  thi-  ; 
iiinr-  f.ir  en  ii  luml.  I  aittil-iiii.'  lo  iho  s]>cci3l  effort  of  attentiLu; 
f.Tth  ai  till-  iH-iiiiiiiii:  iif  tin-  i.-\[n.Timi,-nt  with  practiee  of  the  Icr 
Wiicti  i-i.n  rill' i- ..irrii-il  on  utiiil  the  movements  beconie  irn.-^-.:i 
1^.11  till-  U'i'iMK->  iiiiiiriiiiis,  for  1  hi-  irri-{;iilar  movements  lieconii- 
joMiol  :iili>  the  .  hain  of  rcai  lioiis  as  urtainlyas  do  those  «r. 
1  ■,:rj'.>-i!i:l".»  'V.w  Itii.  Ill  ire  fore,  iTaeiiic  may  tend  to  estaMi-h 
;,ir  ai'.-.:-:i!!eiH^  a- Well  a*  re;;Lilar  tine>.  Sjieaking  lljjurativelv,  :; 
■..\'.  ■.•■:  '•.-.i-.-A  ai  ihf  Uvi'iiii'i^  "f  eaih  siiri-ceili iiy  jiractite  perio' 
-■■.■v.  ,if  :::,  ;n.  til:ii,;  |iratt;.i--,  I'lWse.iiieiitly,  the  laryer  the  ; ; 
I".-  .■;■  ;  ■.c  aviia__i- of  all  l!ie  I're.e.lin;;  jiraitiee^.  the  more  t 
.1  :  '  !.■  -.'.x  ::-,m:;niii-  .if  tile  m::-.  le-; at  the  siiceeediny  [.raetice. 
'  <.■.:•:■  ■-•.'.'.:-  ■.■.■.■.^\\\  i;a\e  leen  ol'iaineil  in  those  cases  where  x':. 
■.■..■i.\-*..':  afti'  :;-.i'  ::::n1  .  ir.  le  if  the  I'r.utiiO  iieriixis  had  lieen  ^;:■ 
:■,.  -■■•.:     .it:  i-f  ;!-,i'  -iTie-;  am!  imire  iToU'i\:;eil  in  the  latter  jari, 

>  '.>  ;■.,  :  ■  ;;-.e  fa-  :  v:..\\  -.'vae  <\\  tile  -.;:lve.-t>  increased  the  ^^i-t- 
,"    ,      ■-  .,-  a:;.'.  .':-i  ■-  ■':<.■  ^i.w!  ;;:e:;i,  we  are  j;i>tified  in  .  >:; 

\:--.-;  -a  ^:;a  t;  ...:■  -v-e:::  .■;■  :;m  :i:.;^:es  in  writinj:  a:i-:  ■:: 
■■  -:  -  ;.;■  ;  ;.■:  .,;.  :;  ■:,:  \  ■:  .;;  v.':.\.':\  -'-•.•v'A  be  taken  into  .  .■; 
.;:     ■■    »■,■:■•.■.;■,.■■_  :>i  ■■.-.  '.1-  ''.':  a. .  ■:ra:i-  a.:;-^stnifnt.       If  :iie  - 

:-.       .  -  ■;■,  ^:     "  •  ■:■■,  -■;.,>■:■;;. i-<  :^   _■>  :"^u:es,  o:herw;se.  hv 

■"    .  .   ■  -,■   ■.       ■■  .;  :    -:■■  ,-\:    .:;.    "  t-   ;::"ueKied   there' y. 
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jf,  as  shown  in  these  experiments,  in- 

buion  exists  between  the  error  and  the 

ubject's  attention,  especially  in  the  case 

led  to  the  decrease  of  the  error  rather 

corresponding  to  that  of  the  copy  ; 

hand,  trained  to  make  certain  move' 

Instances  to  establish  an  entirely  new 


principle  that  a  short  exercise  often 
ice  for  rapid  development  of  accurate 
is  no  doubt  that  many  of  the  Ions' 
.d  other  subjects  in  the  school-room 
an  in  the  pupils.  They  are  often  com- 
everai  minutes  ;  the  wisdom  of  this  is 
the  case  of  well -developed  persons  five 
nts  with  circles  gave  the  best  general 
Ifence  long  practice  at  writing,  draw- 
I  be  time  and  energy  wasted,  for  not 
ted,  but  every  wrong  adjustment  of  the 
bconscious  memories  and  there- 
the  control  over  the  muscles  for  atcu- 


each  sitting  should  last  only  so  long 
f^H  reeled. 

KOL    OVER    I'NTRAINED    MUSCLES. 

lents  was  to  ascertain  the  influence  of 
tacles  and  less  adaptable  joints.  The 
fe  toe  of  Mr.  Davis,  covered  a  period 
e's  movement  were  recorded,  the 
K  downward  rest,  the  upward  motion, 
each  movement  of  the  digit  required 
'  object  of  measuring  each  of  these  four 
to  show  :    ( 1 )  the  differences  in  time 

(i)  the  influence  of  practice  on  the 
ictice  on  the  shortening  of  the  lime  of 


Ih^me  as  that  previously  described  in 
jd  fork  was,  however,  replaced  by  the 
■,   *olesUBi  m/asurrnuHls,  Slud.   Vale  ftycli. 
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The  i»robal>lc*  error  /*  \\a>  ralculated  according  to  the  formu 
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where  ;•,.  r ;    are  thi*   errors  for  the  n  measiirenients. 

shows  a  decrease  from  tlay  to  day  which  closely  corresponds  to 
age  daily  decrease  in  the  intervals  between  taps. 

An  average  of  the  de».  rease  in  the  probable  error  of  all  the  si 


Ii'..  7. 

-\'.  iij  j'  r  liiu-.  -iiial  mnii!»»-r  nt"  fxpt-riinetu. 
.\'.  l''\\f:;  liiiv.  <l.i\s  (»!    j»rfvi(iii>  jjiarliif. 
J',  l.i|'  tirn-.'  in  l!i.niNaii<lili^  <»l"  a  >cc<in«l. 

each  hand  was  nia<le:    a  Liraj'hical   representation  of  it    is  t^ive 
7.      Though  the  error  tor  tlie  left   hand  was  larger  than  for  the 
curve  for  either  hand  takc-^  alxnit  the  same  direction.       Hence  t 
governing  the  left-hand  mo\cmcnts,  though  less  developed,  an 
ible  to  the  .^ime  law  of  gain  in  automatic   control. 

The  irregularities  in  the  daily  dct.rease  of  the  error  may  he  ; 
for  in  ])art  by  the  variation-^  in  tlie  nervc)us  condition  of  the  siil 
day  to  day.  Moreover,  the  preliminary  trials  given  just  before  1 
ea(^h  ex])eriment.  which  were  always  the  s;ime  in  numher,  wer 
ficient  in  every  case  to  arou-^e  ihe  ner\ou^  centers  so  as  to  i^et  X\ 
suits  from  j)racti(  e,  fori  ob>er\ed  tliat  in  a  few  instances  th< 
time  wa^  very  slow  at  firs;,  l.ut  r.ijtidly  increased  in  speed  d 
first  part  of  the  exiM-rimeni.  wliicli  t\r.i>ed  a  larger  i>rohable  errc 
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the  43^  probable  error  of  K.  on  the  sixth  day  was  principally  due  to  the 
long  intervals  between  the  first  four  taps. 

That  the  preliminary  trial  was  not  sufficient  in  every  instance  for  him 
to  acquire  momentum,  so  to  speak,  is  seen  in  the  record  for  the  sixth  day, 
Avhich  ran  as  follows:  315,  289,  291,  295,  200,  245,  244,  240,  269, 
242,  248,  251,  243,  237,  246,  238,  254,  240,  229,  254,  218,  219,  260, 
222,  231,  239,  235,  216,  223,  242,  229,  217,  212*^.  This  shows  a  dif- 
ference of  103*^  between  the  first  and  last  taps,  though  the  largest  de- 
crease occurred  in  the  first  four  taps.  As  contrasted  with  this  record,  we 
give  his  record  for  the  eighth  day,  which  shows  considerable  gain  in  rapid- 
ity and  regularity  in  two  days*  practice:  231,  229,  225,  220,  219,  223, 
229,  226,  223,  221,  2x8,  222,  208,  210,  221,  226,  209,  204,  229,  221, 
203,  207,  203,  200,  198,  217,  213,  209,  205,  202,  200,  195,  208,  203*^. 
This  record  shows  a  difference  of  only  29*^  between  the  first  and  last 
tajjs.  A  graphical  representation  of  the  records  for  these  two  days  may 
be  seen  in  Fig.  8.     According  to  the  statement  of  the  subject  on   the 
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A',  upper  line,  serial  number  of  experiments. 
A',  lower  line,  days  of  previous  practice. 
J',  tap  time  in  thousandths  of  a  second. 

^ixth  day,  he  was  conscious  at  the  start  that  he  was  not  doing  his  best,  but 
somehow  he  could  not  get  control  of  the  muscles  within  the  time  allowed 
him  in  the  preliminary  trial.  Hence  the  temporary  effect  on  the  first 
l>art  of  the  record. 

In  those  records  which  show  a  small  variability  the  subjects  invariably 
reported  that  they  were  feeling  quite  well  and  brisk.  Moreover,  I  ob- 
ser\  ed  that  as  the  movements  came  to  be  controlled  by  the  automatic 
centers  and  the  movements  became  more  rapid,  the  greater  was  the  in- 
flueiK  e  of  any  change  in  the  nervous  condition  of  the  subject.     An  illus- 
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The  probable  error  /*  was  ralculated  according  to  the  formula 
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where  .-,.  r- r    are  the  errors  for  the  ;/  measurements.     T 

t  i  la 

shows  a<iecreiLse  from  day  to  day  which  closely  corresponds  to  th 
a^'e  daily  decrease  in  the  inter\als  between  taps. 

An  average  of  the  detrea>e  in  the  |)robable  error  of  all  the  subj 


X.  iij  |".r  liiu-,  -<ii.i!  liiiinluT  <»t"  «.•  \  peri  men  l. 
.\',  li>\\ci  iiiK'.  iln\^  (»r  jiifvitius  j.iariii'c. 
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each  hand  was  made;    a  ^raj.hical   representation  of  it    is  g-iven 
7.      Though  the  error  tor  the  left  hand  was  larger  than  for  the  rii 
curve  for  either  hand  takes  about  the  same  direction.       Hence  the 
governing  the  left-liand   muNeiiK-nts,  thmigh  less  developed,  arc  j 
ible  to  the  Siime  law  of  gain  in  aut()mati(   control. 

The  irregularitie>  in  the  daily  dec  rea^e  of  the  error  may  l>e  aci 
for  in  part  by  the  variations  in  the  nervous  condition  of  the  siibje 
day  to  day.  Moreover,  the  preliminary  trials  given  just  before  bei 
each  exj)eriment,  whi(  h  were  always  the  s;ime  in  number,  were  1 
ficient  in  every  case  to  aroiNe  ihe  nervous  centers  so  as  to  i^et  the 
suits  from  i)racti(e,  fori  observed  that  in  a  few  instances  the  1 
time  was  very  slow  at  first,  1  iit  rapidly  increased  in  speed  duri 
first  part  of  the  e\j»criment,  wiiieii  c:aii>ed  a  larger  probable  error. 
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the  43^  probable  error  of  K.  on  the  sixth  day  was  principally  due  to  the 
long  intervals  between  the  first  four  taps. 

That  the  preliminary  trial  was  not  sufficient  in  every  instance  for  him 
to  acquire  momentum,  so  to  speak,  is  seen  in  the  record  for  the  sixth  day, 
Avhich  ran  as  follows:  315,  289,  291,  295,  200,  245,  244,  240,  269, 
242,  248,  251,  243,  237,  246,  238,  254,  240,  229,  254,  218,  219,  260, 
222,  231,  239,  235,  216,  223,  242,  229,  217,  212*^.  This  shows  a  dif- 
ference of  io3<^  between  the  first  and  last  taps,  though  the  largest  de- 
crease occurred  in  the  first  four  taps.  As  contrasted  with  this  record,  we 
give  his  record  for  the  eighth  day,  which  shows  considerable  gain  in  rapid- 
ity and  regularity  in  two  days*  practice:  231,  229,  225,  220,  219,  223, 
229,  226,  223,  221,  2x8,  222,  208,  210,  221,  226,  209,  204,  229,  221, 
203,  207,  203,  200,  198,  217,  213,  209,  205,  202,  200,  195,  208,  203*^. 
This  record  shows  a  difference  of  only  29*^  between  the  first  and  last 
taps.  A  graphical  representation  of  the  records  for  these  two  days  may 
be  seen  in  Fig.  8.     According  to  the  statement  of  the  subject  on   the 
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A',  upper  line,  serial  number  of  experiments. 
-V,  lower  line,  days  of  previous  practice. 
J',  tap  time  in  thousandths  of  a  second. 

^\\\\\  day,  he  was  conscious  at  the  start  that  he  was  not  doing  his  best,  but 
somehow  he  could  not  get  control  of  the  muscles  within  the  time  allowed 
liim  in  the  preliminary  trial.  Hence  the  temporary  effect  on  the  first 
j)art  of  the  record. 

In  those  records  which  show  a  small  variability  the  subjects  invariably 
reported  that  they  were  feeling  quite  well  and  brisk.  Moreover,  I  ob- 
served that  as  the  movements  came  to  be  controlled  by  the  automatic 
centers  and  the  movements  became  more  rapid,  the  greater  was  the  in- 
fliieiK  e  of  any  change  in  the  nervous  condition  of  the  subject.     An  illus- 
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The  probable  error  P  was  calculated  according  to  the  formula 
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where  :•,,  ?•,,  .  .  .,  f^  are  the  errors  for  the  n  measurements.  Table [ 
shows  a  decrease  from  day  to  day  which  closely  corresponds  to  the  v^t 
age  daily  decrease  in  the  intervals  between  taps. 

An  average  of  the  decrease  in  the  prol>able  error  of  all  the  subjects f 


Kn;.   7. 

-V,  u|»|»or  liiif.  >cri;il  !unnlH*r  of  t* xj>eriment. 
-\',  l«.>\ver  line,  days  of  |)n*vu)us  practice. 
}',  mp  time  in  ihousamlih's  of  a  second. 

each  hand  was  made;    a  graphical  rc])resentation  of  it   is  given  in  F 
7.     Though  the  error  for  the  left  hand  was  larger  than  for  the  right. 
cur\e  for  either  hand  takes  about  the  same  direction.      Hence  the  ceni 
governing  the  left-hand  movements,  tliough  less  develoj^ed,  are  susct 
ible  to  the  same  law  of  gain  in  automatic  control. 

The  irregularities  in  the  daily  decrease  of  the  error  may  l>e  accoui 
for  in  part  by  the  variations  in  the  nervous  condition  of  the  subject  fi 
day  to  day.  Moreover,  the  j^reliminary  trials  given  just  before  begini 
each  experiment,  which  were  always  the  same  in  number  were  not 
ficient  in  every  case  to  arouse  the  nervous  centers  so  as  to  get  the  l^es) 
suits  from  ])ractice,  for  I  ol)>erved  that  in  a  few  instances  the  tapi 
time  was  very  slow  at  tlrst,  luit  ra|)idly  increased  in  speed  during 
first  part  of  the  experiment,  which  caused  a  larger  probable  error      1 
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the  43^  probable  error  of  K.  on  the  sixth  day  was  principally  due  to  the 
long  intervals  between  the  first  four  taps. 

That  the  preliminary  trial  was  not  sufficient  in  every  instance  for  him 
to  acquire  momentum,  so  to  speak,  is  seen  in  the  record  for  the  sixth  day, 
Avhich  ran  as  follows:  315,  289,  291,  295,  200,  245,  244,  240,  269, 
242,  248,  251,  243,  237,  246,  238,  254,  240,  229,  254,  218,  219,  260, 
222,  231,  239,  235,  216,  223,  242,  229,  217,  2i2<^.  This  shows  a  dif- 
ference of  103*^  between  the  first  and  last  taps,  though  the  largest  de- 
crease occurred  in  the  first  four  taps.  As  contrasted  with  this  record,  we 
give  his  record  for  the  eighth  day,  which  shows  considerable  gain  in  rapid- 
ity and  regularity  in  two  days'  practice:  231,  229,  225,  220,  219,  223, 
229,  226,  223,  221,  2x8,  222,  208,  210,  221,  226,  209,  204,  229,  221, 
203,  207,  203,  200,  198,  217,  213,  209,  205,  202,  200,  195,  208,  203*^. 
This  record  shows  a  difference  of  only  29*^  between  the  first  and  last 
taps.  A  graphical  representation  of  the  records  for  these  two  days  may 
be  seen  in  Fig.  8.     According  to  the  statement  of  the  subject  on   the 
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A',  upper  line,  serial  number  of  experiments. 
-V,  lower  line,  days  of  previous  practice. 
)',  tap  time  in  thousandths  of  a  second. 

sixth  day,  he  was  conscious  at  the  start  that  he  was  not  doing  his  best,  but 
somehow  he  could  not  get  control  of  the  muscles  within  the  time  allowed 
him  in  the  preliminary  trial.  Hence  the  temporary  effect  on  the  first 
j)art  of  the  record. 

In  those  records  which  show  a  small  variability  the  subjects  invariably 
reported  that  they  were  feeling  quite  well  and  brisk.  Moreover,  I  ob- 
served that  as  the  movements  came  to  be  controlled  by  the  automatic 
centers  and  the  movements  became  more  rapid,  the  greater  was  the  in- 
flueiKc  of  any  change  in  the  ner\^ous  condition  of  the  subject.     An  illus- 
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'['he  jirobablc  error  /'  was  calculated  according  to  the  formu'ia 


where.",,  ;-,.  .  .  .,  r'^_  are  the  errors  Tor  the  «  measurements,  1 
shows  a  decrease  from  day  to  day  which  closely  corresponds  to  i. 
age  daily  decrease  in  tlie  intervals  K'tween  ta|is. 

An  average  of  the  ilcLreasc  in  the  jiroliable  error  of  all  the  sul 


each  hand  was  made;  a  !,'ra[>h 
7.  Though  the  error  for  the  li 
curve  for  either  hand  takes  nliu' 
governing  the  left-hand  movcu 
il<le  to  the  same  law  of  <.'ain  in 
The  irregularities  in  the  diiil; 
for  in  jiart  by  the  varialimi^  in 
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ficicnt  in  every  case  to  a^ou^e  I 
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time  was  very  slow  at  first.  l;i 
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though  less  developed,  are 
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ease  of  the  error  may  l>c  ac 
■rvuiis  condition  of  the  siihji 
iry  trials  given  just  before  b« 
the  same  in  number,  were 
■\  oils  centers  so  as  to  get  the 
h^tt  in  a  kv.-  instances  the 
.idly  increased  in  speed  dui 
insed  a  larger  probable  error 
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the  43^  probable  error  of  K.  on  the  sixth  day  was  principally  due  to  the 
long  intervals  between  the  first  four  taps. 

That  the  preliminary  trial  was  not  sufficient  in  every  instance  for  him 
to  acquire  momentum,  so  to  speak,  is  seen  in  the  record  for  the  sixth  day, 
Avhich  ran  as  follows:  315,  289,  291,  295,  200,  245,  244,  240,  269, 
242,  248,  251,  243,  237,  246,  238,  254,  240,  229,  254,  218,  219,  260, 
222,  231,  239,  235,  216,  223,  242,  229,  217,  212*^.  This  shows  a  dif- 
ference of  103*^  between  the  first  and  last  taps,  though  the  largest  de- 
crease occurred  in  the  first  four  taps.  As  contrasted  with  this  record,  we 
give  his  record  for  the  eighth  day,  which  shows  considerable  gain  in  rapid- 
ity and  regularity  in  two  days'  practice:  231,  229,  225,  220,  219,  223, 
229,  226,  223,  221,  2x8,  222,  208,  210,  221,  226,  209,  204,  229,  221, 
203,  207,  203,  200,  198,  217,  213,  209,  205,  202,  200,  195,  208,  203*^. 
T  his  record  shows  a  difference  of  only  29*^  between  the  first  and  last 
taps.  A  graphical  representation  of  the  records  for  these  two  days  may 
be  seen  in  Fig.  8.     According  to  the  statement  of  the  subject  on  the 
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.\',  upper  line,  serial  number  of  experiments. 
A',  lower  line,  days  of  previous  practice. 
)',  tap  time  in  thousandths  of  a  second. 

^ixth  day,  he  was  conscious  at  the  start  that  he  was  not  doing  his  best,  but 
somehow  he  could  not  get  control  of  the  muscles  within  the  time  allowed 
him  in  the  preliminary  trial.  Hence  the  temporary  effect  on  the  first 
j)art  of  the  record. 

In  those  records  which  show  a  small  variability  the  subjects  invariably 
reported  that  they  were  feeling  quite  well  and  brisk.  Moreover,  I  ob- 
served that  as  the  movements  came  to  be  controlled  by  the  automatic 
centers  and  the  movements  became  more  rapid,  the  greater  was  the  in- 
fiueiK  e  of  any  change  in  the  nervous  condition  of  the  subject.     An  illus- 
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The  probable  error  P  was  calculated  according  to  the  formub 
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where  f,,  r',,  ,  .  .,  f'_^  are  the  errors  for  the  n  measurements. 
shows  a  decrease  from  day  to  day  which  closely  corresponds  to  I 
age  daily  decrease  in  the  intervals  between  taps. 

An  average  of  the  decrease  in  the  probable  error  of  all  the  sul 

«  Y 


.V,  lower  lii 


each  hand  was  made; 
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7.  Though  the  error  for  the  left  hand  was  larger  than  for  the 
curve  for  either  hand  takes  about  the  same  direction.  Hence  th 
governing  the  left-hand  inovemcnts,  though  less  developed,  are 
ible  to  the  same  law  of  gain  in  automatic  control. 

The  irregularities  in  the  daily  decrease  of  the  error  may  be  ai 
for  in  part  by  the  variations  in  the  nervous  condition  of  the  subi 
day  to  day.  Moreover,  the  preliiuinary  trials  given  just  before  b 
each  experiment,  which  were  always  the  same  in  number,  wert 
ficient  in  every  case  to  arouse  the  nervous  centers  so  as  to  get  thi 
suits  from  practice,  for  I  observed  that  in  a  few  instances  the 
time  was  very  slo>v  at  first,  but  ra|>idly  increased  in  speed  dt 
first  part  of  the  experimeni,  which  c.iused  a  larger  probable  erro 
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the  43^  -robal  '.e  ern-r  of  K.  on  :he  >:x:h  day  was  jirinci pally  due  to  the 
long  intervals  lierweer*  :he  f.rst  fo-r  tap>. 

That  the  prelimir.ar}-  trial  wa>  lio:  5utf*cient  in  every  instance  for  him 
to  a(v>uiie  niomer.tjn:.  50  to  >:*ak.  i>  seen  in  ihe  record  for  the  sixth  dav, 
Avhich  ran  a>  follows:  315.  2>9.  291.  295.  2cc.  245,  244,  240,  269, 
242.  24S,  251,  243.  237.  246.  23S.  254,  240,  229.  254,  21S,  219,  260, 
222,  231,  239.  235.  216.  223.  242.  229,  217.  212''.  This  shows  a  dif- 
ference of  103*^  l«e:ween  the  r\v<\  and  ia>:  taj*s.  though  the  lar^^est  de- 
<:rease  ot.L;:rred  in  the  nrs:  four  taps.  A?  con:ra>ted  with  this  record,  we 
give  his  record  for  the  eiirhih  day.  which  shows  considerable  gain  in  rapid- 
ity and  re^'ularity  in  two  days'  y^ractice :  231.  229.  225,  220,  219.  223, 
229,  226.  223.  221,  21S.  222.  2cS.  21C.  221.  226.  209,  204,  229,  221, 
203.  2C7.  203,  2CC.  19S.  217.  213.  209.  205,  2C2.  200,  195,  20.S,  203''. 
This  re«  ord  shows  a  dinerence  of  only  29*^  l#eiween  the  first  and  last 
taji<.  A  Lrajrhicai  re[.resentation  of  the  records  for  these  two  days  may 
l»e  sfc::    :;  Fig.  S.     According  to  the  >tatement  of  the  siihje*  t  on   the 
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sa  in  these  experiments,  in- 
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ii/e  corresponding  to  that  of  the  copy  ; 
It  hand,  trained  to  make  certain  niove- 
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carried  on  with  the  minimum  amount  of  attention  and  eflfort  is  a  psycho- 
logical factor,  depending  upon  the  intellectual  vigor  of  the  individual. 

These  experiments  bring  out  some  striking  differences  in  the  develop- 
ment of  the  movements  of  the  right  and  left  hands.  For  instance,  the 
practice  cur\'e  for  the  right  hand  followed  closely  the  direction  of  the 
habit  curve  ;  while  with  the  left,  instead  of  there  being  a  gain  during  each 
practice,  there  was,  in  some  instances,  a  decrease  in  accuracy  of  the 
drawings  as  the  practice  continued.  This  difference  in  the  practice 
curves  for  each  hand,  I  attribute  to  the  special  effort  of  attention  called 
forth  at  the  beginning  of  the  experiment  with  practice  of  the  left  hand. 
When  practice  is  carried  on  until  the  movements  become  irregular,  the 
practice  becomes  injurious,  for  the  irregular  movements  become  incor- 
porated into  the  chain  of  reactions  as  certainly  as  do  those  which  are 
purposefully  directed.  Therefore,  practice  may  tend  to  establish  irregu- 
lar adjustments  as  well  as  regular  ones.  Speaking  figuratively,  the  cap- 
ital on  hand  at  the  beginning  of  each  succeeding  practice  period  is  the 
sum  of  the  preceding  practices.  Conseciuently,  the  larger  the  probable 
error  of  the  average  of  all  the  preceding  practices,  the  more  irregular 
will  be  the  movements  of  the  muscles  at  the  succeeding  practice.  Hence 
better  results  might  have  been  obtained  in  those  cases  where  the  error 
increased  after  the  third  circle  if  the  practice  periods  had  been  shorter  in 
the  first  part  of  the  series  and  more  prolonged  in  the  latter  part. 

Owing  to  the  fact  that  some  of  the  subjects  increased  the   size  of  suc- 
cessive circles  and  others  decreased  them,  we  are  justified  in  concluding 
that  there  is  a  certain  adjustment  of  the  muscles  in  writing  and  drawing 
most  suitable  for  each  individual  which  should  be  taken  into  consider- 
ation when  training  the  muscles  for  accurate  adjustment.     If  the  size  of 
the  copy  corresponds  to  the  natural  adjustment,  the  subject  needs  only  to 
direct  his  attention  to  the  smoothness  of  his  figures,  otherwise,  he  has  to 
contend  with  the  distracting  element  of  the  size.     Therefore  the  amount 
of  gain  in  accuracy   of  adjustment  will    be   influenced  thereby.       The 
general  conclusion  is  that,  in  the  earlier  stages  of  muscular  development, 
the  size  of  the  copy  should  be  adjusted  to  the  natural  movements  of 
the  muscles.     If  this  is  not  done  it  may  prove  such  a  distracting  element 
that  the  subject  will  discard  it  altogether,  for,  as  we  have  seen,  the  at- 
tention is  always  directed  first  toward  smoothness  of  contour,  or  freedom 
from  angularities.     Psychologically  the  order  of  development  is  in  such 
movements  as  writing  and  drawing,  (i)  reduction  of  irregularities,  (2) 
correctness  in  size;  and  in  movements  where  agility  is  involved,    (i^ 
rapidity,  (2)  regularity. 

The  correspondence   in  the  decrease  or  increase  of  the  size  of  the 
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circle  and  the  average  daily  error,  as  shown  in  these  experiments,  in- 
dicates (i)  that  some  distinct  relation  exists  between  the  error  and  the 
size  of  the  circle ;  (2)  that  the  subject's  attention,  especially  in  the  case 
of  the  right  hand,  was  usually  directed  to  the  decrease  of  the  error  rather 
than  to  making  the  circles  of  a  size  corresponding  to  that  of  the  copy ; 
(3)  that  the  muscles  of  the  right  hand,  trained  to  make  certain  move- 
ments, found  it  difficult  in  some  instances  to  establish  an  entirely  new 
set  of  reflexes. 

Finally,  these  results  support  the  principle  that  a  short  exercise  often 
repeated  is  the  best  method  of  practice  for  rapid  development  of  accurate 
adjustments  of  the  muscles.  There  is  no  doubt  that  many  of  the  long 
exercises  in  writing  and  drawing  and  other  subjects  in  the  school-room 
often  engender  habitual  inattention  in  the  pupils.  They  are  often  com- 
pelled to  write  continuously  for  several  minutes ;  the  wisdom  of  this  is 
doubtful  when  we  consider  that  in  the  case  of  well -developed  persons  five 
trials  at  one  time  in  the  experiments  with  circles  gave  the  best  general 
results  attainable  at  one  sitting.  Hence  long  practice  at  writing,  draw- 
ing, piano-playing,  etc.,  seems  to  be  time  and  energy  wasted,  for  not 
only  are  inattentive  habits  cultivated,  but  every  wrong  adjustment  of  the 
nuiscles  gains  a  place  in  the  chain  of  subconscious  memories  and  there- 
fore delays  the  development  of  the  control  over  the  muscles  for  accu- 
rate adjustments.  The  practice  at  each  sitting  should  last  only  so  long 
as  the  movements  are  purposefully  directed. 

III.   Development  of  control  over  untrained  muscles. 

The  object  of  this  set  of  experiments  was  to  ascertain  the  influence  of 
prac  tice  on  entirely  untrained  muscles  and  less  adaptable  joints.  The 
c\|)eriments,  made  on  the  left  large  toe  of  Mr.  Davis,  covered  a  period 
of  ten  days.  Four  phases  of  the  toe's  movement  were  recorded,  the 
time  of  the  downward  motion,  the  downward  rest,  the  upward  motion, 
and  finally  the  upward  rest.  As  each  movement  of  the  digit  required 
the  exercise  of  several  muscles,  the  object  of  measuring  each  of  these  four 
l)hases  of  the  toe's  nu)vement  was  to  show :  (i)  the  differences  in  time 
for  the  phases  of  the  movement;  (2)  the  influence  of  practice  on  the 
phases  ;  (3)  the  influence  of  practice  on  the  shortening  of  the  time  of 
the  entire  movement  of  the  toe. 

Apparatus, 

The  apparatus  was  virtually  the  same  as  that  previously  described  in 
these  Studies.*     The  single  100  v.  d.  fork  was,  however,  replaced  by  the 

'ScRiiTiRE,  Elementary  cou»se  in  psychological  measurements^  Stud.  Yale  Psych. 
Lab.,  1896  IV  113. 
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Pfeil  and  Deprez  markers  from  which  wires  led  into  the  quiet  room ' 
and  were  there  connected  with  a  double-contact  key.  The  markers  wrote 
directly  on  the  smoked  surface  of  the  drum  ;  the  points  were  placed  jxir- 
allel  to  each  other  and  in  a  line  tangent  to  the  surface  of  the  drum. 
When  the  drum  was  revolved,  the  distance  between  the  marks  caused  by 
movements  of  the  armatures  could  be  measured  with  great  accuracy. 

The  key  knob  moved  through  a  distance  of  5°*".  At  the  beginning  of  the 
downward  movement  of  the  toe  the  back  contact  was  broken  ;  at  the  end 
of  the  downward  movement  the  front  contact  was  made ;  at  the  begin- 
ning of  the  upward  movement,  the  front  contact  was  broken  ;  at  the  end 
of  the  upward  movement  the  back  contact  was  made.  Thus  the  limits 
were  marked  for  the  four  phases,  downward  movement,  lower  rest,  up- 
ward movement,  upward  rest.     The  latent  times  were  compensated. 

Daily  averages  of  the  tapping  time. 

The  average  tapping  times  for  successive  days  are  given  in  Table  X. 
The  series  of  taps  during  each  experiment  was  divided  up  into  three 
l>arts.  The  first  section  in  Table  X.  includes  the  averages  of  the  first 
30  taps ;  the  second,  the  31st  to  the  50th  tap ;  and  the  third,  the  51st  to 
the  close  of  the  experiment. 

The  results  show  an  almost  constant  increase  in  speed  from  day  to  day. 
Beginning  with  an  average  of  436*^  on  the  first  day,  the  average  tapping 
time  became  212*^  after  ten  days*  practice.  Only  on  one  day  was  there  a 
loss  and  then  the  subject  was  indisposed. 

Fatigue  was  always  present  after  about  the  50th  tap,  appearing  sooner 
on  some  days  than  on  others,  as  indicated  by  the  probable  errors  in  sec- 
tion C.  of  Table  X. 

Practice  generally  has  its  greatest  effect  between  the  30th  and  51st  taps. 
The  first  30  taps  formed  the  training  period  of  the  muscles  in  which  the 
tapping  was  constantly  accelerated.  When  the  exercise  was  continued 
until  the  muscles  were  partially  overcome  by  fatigue,  the  tapping  became 
slower  and  much  more  irregular.  The  portion  of  the  experiment  lying 
between  the  30th  and  51st  taps  was  chosen  arbitrarily  as  a  uniform 
measure  for  comparison.  The  most  regular  part  of  the  day*s  practice 
corresponded  closely  to  that  marked  off  in  these  boundaries.  The  ten- 
dency was,  however,  for  this  zone  of  regularity  to  move  each  day  slightly 
farther  away  from  the  beginning. 

Of  the  different  phases  of  the  toe's  movement,  we  notice  that  the 
movement  upward  was  longer  than  the  downward  one ;  likewise  the  up- 
ward rest  was  longer  than  the  downward  rest.     The  tension  of  the  spring 

'  See  alK)ve,  p.  52. 
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of  the  key,  although  made  too  slight  to  be  considered,  may  have  also 
contributed  to  make  the  downward  rest  shorter.  That  the  touch  stimulus 
was  the  main  factor  appears  likely  because  by  practice  the  upward  rest 
tended  to  decrease  more  rapidly  than  the  downward  rest. 
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I'nit  of  measurement,  i<'  =o.cx>i*. 

The  probable  error  of  a  determination  varies  from  d:  2y  to  ±  o.^^. 

A,  the  daily  average  of  the  first  30  taps. 

H,    •*      '*  "        ••    **    following  20  taps. 

C,    "      •'  *'        •*    **    remainder. 

p.e.,  probable  error. 

The  most  noticeable  effect  of  practice  consisted  in  the  change  of  the 
j)robable  error  of  the  upward  rest,  which  decreased  after  ten  days*  practice 
from  94*^  to  29*^  for  the  first  30  taps ;  for  next  20  taps  from  98*^  to 
2  2*' ;  and  after  first  50  taps,  from  70*^  to  18^.  Likewise,  the  movement 
upward  shows  a  greater  gain  in  regularity  than  the  movement  downward  ; 
it  decreased  in  section  A.,  from  38''  to  3'';  in  section  B.,  from  40*^ 
to  4*^;  and  in  section  C,  from  i8<^  to  4^.     The  conclusion  to  be  drawn 
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from  the  disparity  in  the  amount  of  decrease  of  the  probable  error  for  the 
different  phases  of  the  toe's  movement  is  that,  since  in  the  movement 
upward  and  in  the  upward  rest  there  was  a  greater  amount  of  voluntary 
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effort,  they  were  more  irregular  in  the  beginning ;  and  as  the  movement 
came  to  be  controlled  by  the  automatic  centers,  the  influence  of  practice 
was  more  manifest  in  these  two  phases  of  the  toe's  movement.  Conse- 
<iuently  we  conclude  that  in  beating  time  that  phase  of  the  movement 
which  causes  the  greatest  irregularity  consists  in  the  change  of  the  motion 
upward  to  the  motion  downward. 

The  daily  average  tapping  time,  Table  X.,  shows  a  decrease  of  the 
probable  error  from  103*^  to  35''.  Moreover,  when  the  error  is  expressed 
as  a  percentage  of  the  tapping  time,  it  shows  that  the  increase  in  regu- 
larity was  larger  than  the  gain  in  speed,  for  the  relative  gain  decreased 
from  249^,  to  17%. 

The  average  daily  increase  in  speed,  according  to  the  formula  given  on 
page  61,  was  determined,  with  the  following  results:  169,  62,  40,  33, 
37>  39>  5o>  25,  9*^.  This  expressed  as  percentages  gives:  39,  19,  14, 
12,  13,  14,  18,  10,  5%.  These  figures  show  that  the  first  day's  practice 
resulted  in  the  largest  gain,  which,  however,  rapidly  decreased  as  the 
l)ractice  was  continued  from  day  to  day.  They  moreover  show  that  in 
simi)le  movements,  as  in  tapping)  the  effect  of  practice  is  greater  in  pro- 
portion to  the  undeveloped  state  of  the  muscles. 

Physiological  effects  of  practice. 

The  differences  in  the  fluctuations  in  the  cun^es  of  Fig.  10  show  the  in- 
fluence of  practice.  The  A  curve  is  the  practice  curve  of  the  last  experi- 
ment ;  B,  that  of  the  second  experiment. 

These  curves  show  how  the  periods  of  slight  paralysis  varied  during  the 
two  experiments.  In  curve  B  the  variations  follow  each  other  in  rapid 
succession.  In  curve  A  they  are  not  so  frequent  and  the  recovery  is 
much  more  rapid.  The  fluctuations,  though  larger  throughout  the  series 
of  curve  B,  increase  in  amplitude  and  frequency  toward  the  close  of  the 
experiment.  In  cun-e  A  the  fluctuations  are  not  so  pronounced  in  the 
second  half  even  as  in  the  first  half.  Hence  the  most  prominent  physi- 
ological effect  of  practice  is  to  delay  the  arrival  of  entire  paralysis  of  the 
muscles  and  the  reduction  of  fluctuations  in  the  practice  curve.  This  de- 
l^ends,  however,  to  a  large  extent  on  the  nervous  condition  of  the  subject, 
for  on  some  of  the  inter\'ening  days  absolute  paralysis  of  the  muscles  oc- 
ciirred  before  the  125th  tap. 

At  the  beginning  of  the  series  of  experiments  intense  pain  was  felt  in 
the  calf  of  the  leg  after  a  short  period  of  practice.  As  exercise  continued, 
the  pain  became  sympathetically  induced  also  in  the  calf  of  the  other  leg. 

The  coming  on  of  fatigue  was  characterized  by  the  following  stages : 
( I )  a  feeling  of  strain  throughout  the  tendon  above  the  heel ;  (2)  slight 
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pain  in  the  calf  of  the  left,  or  exercised,  leg;  (3)  pain  was  felt  in  the 
muscles  controlling  the  upward  flexion  of  the  toe;  (4)  paral>'sis  grad- 
ually spread  over  the  whole  of  that  leg  while  the  pain  continued  to  in- 
crease in  the  above  mentioned  muscles  ;  (5)  the  pain  was  finally  felt  in  the 
calf  of  the  right  leg.  On  the  fourth  day  the  pain  did  not  recur  in  the  calf 
of  the  leg  but  was  felt  in  the  tendon  immediately  over  the  second  joint  of 
the  toe ;  but  before  the  close  of  the  experiments  it  had  ceased  altogether. 

Likewise,  in  a  series  of  dumbbell  exercises  wherein  I  acted  as  subject^ 
on  first  to  fourth  days  inclusive  the  pain  was  so  intense  that  I  was  able  to 
exercise  only  a  short  time,  but  after  the  fourth  day  I  was  able  to  raise 
one  dumbbell  over  1000  times  without  experiencing  any  actual  pain,  the 
only  noticeable  effect  being  considerable  fatigue. 

Throughout  all  the  experiments,  I  noticed  that  on  some  days  there  was 
a  tendency  to  decrease  the  speed  from  the  very  start,  while  on  others 
there  was  at  first  a  period  of  acceleration  for  a  limited  time  before  the 
decrease  began.  I  consequently  performed  some  experiments  upon  my- 
self in  order  to  determine  whether  this  was  connected  with  -  the  rate  of 
the  heart-beat.  The  experiments  were  made  in  tapping  with  the  toe 
and  in  the  exercises  with  the  dumbbells.  Although  the  tests  were  not 
entirely  conclusive  yet  in  a  general  way  I  found  that  there  was  at  least 
some  relation  between  them.  When  the  movements  were  as  rapid  as 
possible  there  was  a  decrease  in  the  hearths  action.  I  also  observed  that 
when  the  nervous  system  was  in  a  relaxed  state  there  was  a  rapid  increase 
in  the  pulse  beat  in  the  early  part  of  the  exercise,  the  pulse  becoming 
full  and  firm.  Accompanying  this  there  was  an  increase  in  the  rate  of 
voluntary  activity. 

The  fluctuations  in  the  practice  curves  may  be  due  to  the  following 
causes  :  ( i )  fluctuations  of  the  attention  caused  simply  by  the  lack  of  ef- 
fort on  the  part  of  the  subject ;  (2)  local  paralysis  of  the  centers  govern- 
ing the  muscles  brought  on  by  exercise;  (3)  mental  paralytic  strokes 
causing  fluctuations  which  are  generally  ascribed  to  mere  fluctuations  of 
attention;  (4)  general  physiological  fatigue  of  the  whole  body;  (5) 
general  mental  fatigue. 

The  above  conditions  are  ever  changing,  for  the  physiological  effects  of 
practice  and  exercise  depend  upon  the  supply  of  energizing  material 
stored  up  in  the  muscular  tissue,  the  supply  of  oxygen  to  the  blood,  tem- 
perature, etc.  The  mental  condition  is,  moreover,  more  or  less  depen- 
dent on  the  physiological  condition. 

General  mental  fatigue  was  distinguished  from  general  muscular  fa- 
tigue by  the  feeling  that  resulted  after  a  period  of  violent  exercise.  The 
muscles   of  the   subject  sometimes  became  fatigued  almost  to  the  de- 
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gree  of  paralysis,  but  no  special  mental  effects  were  felt.  On  one  day 
after  the  subject  had  been  engaged  with  some  difficult  computations,  the 
change  of  exercise  seemed  at  first  to  be  a  relief,  but  in  a  few  seconds  it 
became  riuite  difficult  for  him  to  control  his  attention.  Though  the  rate 
of  tapping  on  that  day  was  as  rapid  as  on  any  preceding  day,  yet  the 
mental  fatigue  was  much  greater. 

A  distinction  can  be  made  between  mental  and  muscular  fatigue  by  the 
fact  that  the  coming  on  of  mental  fatigue  is  si)asmodic  and  irregular.  An 
aberration  of  the  attention  marks  the  initial  stage  of  mental  fatigue.  This 
soon  i)assesover  into  a  stage  which  materially  effects  the  regularity  of  the 
muscular  action.^  No  such  irregularities  characterize  muscular  fatigue  which 
is  governed  by  physical  laws  controlling  the  breaking  down  of  muscular 
tissue  and  the  dissemination  of  waste  products.^  Mental  fatigue,  how- 
ever, is  subject  to  the  effects  resulting  from  fixation  of  the  attention  and 
thus  partakes  of  all  its  fluctuations  and  irregularities. 

Effects  of  practice  on  tnuscular  action, 

1 .  Practice  causes  increased  circulation,  furnishing  thereby  a  large  supply 
of  food  materials  to  the  muscles,  and  more  rapid  dissemination  of  waste 
products.  Thus  the  muscles  are  able  to  store  up  energy  and  give  it  out 
more  readily  on  demand.  But  the  storing  of  energy  is  not  all.  For  ex- 
ample, gymnastic  exercise  has  a  higher  purpose  in  view  than  to  bring  the 
body  merely  to  that  state  of  perfection  found  in  the  case  of  the  common 
laborer.  The  development  of  muscular  tissue  must  be  supplemented  by 
an  education  of  the  nervous  centers  in  order  that  they  may  respond  pre- 
cisely to  acts  of  will.  Indeed,  the  increase  of  muscular  tissue  may  bo 
looked  upon  as  merely  an  accidental  accompaniment  to  that  mental  process 
which  begins  by  constant  fixation  of  the  attention  and  ends,  even  where 
the  achievement  is  most  complicated,  in  automatic  and  subconscious  con- 
trol of  the  muscular  movements. 

2.  The  time  before  the  coming  on  of  mental  and  muscular  fatigue  de- 
pends upon  the  amount  of  muscular  energy  and  upon  the  concentration 
of  the  attention,  both  of  which  are  greatly  influenced  by  practice. 

3.  When  for  any  set  of  actions  the  development  of  the  centers  has 
reached  an  automatic  condition,  the  maximum  rate  of  either  mental  or  mus- 
cular rapidity  is  not  reached  in  the  first  few  seconds  of  the  exercise  be- 
cause a  chain  of  actions  cannot  be  remembered  by  any  act  of  will  but 
requires  the  exercise  of  the  muscles  themselves  to  reestablish  the  chain  of 
subconscious  reflexes. 


»MooKK,  Slutict  of  fatigiu\  Stud.  Yale  Psych.  Lab.,   1895  III  89. 
2  LoMiiARD,  in  the  American  Text-book  of  Physiology,  III,  Philadelphia  1897. 
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4.  The  duration  of  maximum  rapidity  is  dependent  upon  the  power 
of  the  mind  for  sustained  attention.  As  soon  as  the  attention  is  diverted 
the  movement  comes  into  the  control  of  the  automatic  centers.  The 
speed  is  consequently  decreased,  for  only  by  a  special  effort  is  speed,  either 
muscular  or  mental,  increased  above  the  limit  acquired  by  habit.  The 
utmost  speed  can  be  maintained  only  for  a  few  seconds  at  a  time  at  first, 
but  the  period  may  be  lengthened  by  practice.  Hence  the  fluctuations 
in  the  practice  curve  are  generally  due  to  slight  mental  fatigue.  Al- 
though the  subject  recovers  very  rapidly  at  first,  yet  as  the  exercise  con- 
tinues the  fluctuations  recur  more  frequently  and  the  periods  of  recovery 
are  lengthened. 

5.  Another  very  important  element  connected  with  the  duration  of  one's 
ability  for  continuing  the  exercise,  is  his  knowledge  of  the  time  that  the 
exercise  is  to  last.     If  the  exercise  is  to  last  only  a  short  time,  greater 
effort  will  be  put  forth  in  that  period  than  when  the  exercise  is  to  con- 
tinue an  hour  or  more.     In  long  periods  of  exercise  the  subject  will  un- 
consciously measure  out  the  energy  in  proportion  to  the  duration  of  the 
practice  period.     For  instance,  in  the  experiments  made  by  Oehrn*  in 
memorizing  syllables,  in  making  successive  additions,  and  in  counting 
letters  in  groups  of  threes  wherein  the  exercise  was  continued  from  one  to 
two  hours,  the  maximum  was  reached  only  in  the  first  instance  after  24 
minutes,  in  the  second  after  28,  and  in  the  third  after  59.  Contrasted  with 
our  experiments,  his  results  show  that  the  maximum  point  depends  upon 
the  effort  put  forth  in  the  beginning  of  the  experiment.     The  results  that 
I  obtained  point  to  the  fact  that  if  Oehrn  had  shortened  the  practice 
period,  the  maximum  point  would  not  only  have  been  reached  in  about 
one -tenth  of  the  time,  but  the  progress  no  doubt  would  have  been  greater. 

Nor  does  the  maximum  rate  of  voluntary  movement  depend  upon  an 
innate  sense  of  rhythm  as  Schaefer*  implies  but  is,  as  Camerer'  states, 
one  of  constant  acceleration  until  the  setting  in  of  mental  fatigue.  In- 
stead of  a  rhythmical  fluctuation  in  the  voluntary  effort,  maintained  by 
some  investigators,  I  found  no  remarkable  regularity  and  am  led  to  con- 
sider it  as  dependent  upon  several  psycho-physiological  processes  too 
complicated  to  have  a  regular  period  of  oscillation. 

6.  Practice  does  not  always  mean  an  absolute  gain  in  efficiency  ;  it  naay 


^Oehv.'Sj  ExperimeftteiU  Studien  zur  Individualpsychologie,  Psychologische  Arbeiten 
(Kraepelin),  1896  I  92. 

*  SCHAEFER,  Canney  AND  TiNSTALL,  On  the  rhythm  of  muscular  response  to  ro/i- 
tional  impulses  in  man^  Jour.  Physiol.,  1886  V'll  96. 

'C.\MERER,  Vcrsuche  ither  den  zeitlichen  Vcrlauf  d,  IViUcnsbcivegungy  41-45,  Tubin- 
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even  produce  negative  results.  It  is  generally  taken  to  signify  improve- 
ment ;  but  observation  and  the  results  of  experiments  discussed  in  pre- 
ceding  pages,  show  that,  when  either  muscular  rapidity  or  regulated 
movement  is  required,  practice  may  be  even  detrimental  to  development. 
Kvery  action  leaves  its  trace  on  the  nervous  matter  ;  every  effort  put 
forth  tends  to  establish  itself  so  that  acts  immediately  succeeding  it  follow 
as  a  matter  of  inertia.  If  the  effort  put  forth  is  small  and  the  action  slow, 
habit  then  establishes  itself  for  that  mode  of  action.  The  law  of  the  growth 
into  habitual  automatic  control  takes  into  account  every  activity.  If  a 
higher  speed  of  activity  or  a  regulated  movement  or  a  certain  readiness  in 
mental  grasp  is  desired,  then  every  thoughtless  action  tends  to  establish 
itself  and  delays  attainment  to  the  desired  standard  of  efficiency. 

It  recjuires  the  same  effort  to  overcome  the  condition  occasioned  by 
bad  effects  of  practice  as  it  does  to  establish  a  new  mode  of  functioning. 
Hence  energy  is  wasted  when  the  practice  is  not  thoughtfully  di- 
rected. Therefore,  we  conclude  that  not  only  is  that  part  of  practice 
efficient  for  growth  in  regulated  movement,  in  speed  of  muscular  adjust- 
ment, or  in  quickness  of  mental  grasp,  which  is  accompanied  by  con- 
scious effort,  but  the  unconscious  adjustments  also  have  their  effects  and 
should  be  directed  properly. 

7.  The  feeling  of  satisfaction  or  of  having  attained  one*s  limit  is  an- 
other not  less  important  element  in  the  development  of  rapidity  in  either 
mental  or  muscular  activity.  Every  advancement  either  in  mental  quick- 
ness ^  or  muscular  activity  requires  a  certain  effort,  depending  on  the 
stage  of  development  already  attained.  The  greater  the  speed  and  the 
smaller  the  probable  error,  the  less  the  gain  becomes  for  the  same  ex- 
penditure of  energy.  As  this  developed  state  is  approached,  a  person 
feels  that  his  efforts  are  not  sufficiently  rewarded,  and  finally  there  comes 
a  period  when  he  feels  that  he  has  reached  the  limit  of  his  development. 
In  fact,  this  constitutes  the  difference  between  the  novice  and  the  expert. 
The  **  plateaus  *'  mentioned  by  Bryan'  in  the  habit  cur\'e  would  seem 
rather  to  indicate  resting  periods  in  the  effort.  If  the  subject  can  be  in- 
duced to  sustain  the  same  effort  day  by  day,. there  would  not  be  any 
'*  plateaus  *'  in  the  habit  curve. 

If  this  law  be  expressed  by  the  general  equation  ^=/(.r),  where 
V  indicates  the  amount  of  gain  by  practice,  we  must  regard  x 
as   containing   constant   elements    of    (i)    time,     (2)    complexity    of 


1  Amkkrg,  Ueber  den  Einfluss  von  Arbeitipausen  auf  diegeistige  Leistungsfclhigkeity 
Psycliologische  Arbciten  (Kraepelin),  1896  I  30. 

^  Hrvan,  Studies  in  the  physiology  and  psychology  of  telegraphic  Jan  ;uage^  Psych. 
Review,  1S97  IV  27. 
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the  movements,  (3)  the  number  of  muscles  undergoing  training,  and  (4) 
the  growth  of  automatic  control.  The  last  may  be  resolved  into  various 
personal  factors  such  as  mental  grasp,  endurance  for  sustained  effort,  and 
the  vividness  of  the  impression.  According  to  this  principle,  then,  the 
growth  of  intellectual  habits  should  be  more  rapid  with  those  who  possess 
the  strongest  intellectual  powers,  since,  by  their  power  of  holding  the 
attention,  they  succeed  in  getting  the  same  impression  repeated  oftener 
in  the  chain  of  reactions.  If  with  intellectual  power  there  is  combined 
strong  individuality,  or  perhaps  more  properly  speaking  a  strong  will, 
such  {)ersons  possess  su|>erior  ability  after  breaking  down  one  habit  and 
reforming  another. 

IV.  Estimation  ok  timk. 
'llie  apparatus  consisted  of  a  kymograph,  to  which  was  attached  the 
Wt'SivT  time-sense  ajiparalus  with  the  Meum.anx  star-contacts  by  means 
of  which  adjustmenis  could  be  made  so  as  to  give  any  intenal  of  time 
desired.  The  arrangement  of  the  apparatus  was  the  same  as  that  de- 
scribed in  these  Studies.'  The  sound  of  the  too  v.  d.  fork  was  con- 
veyed to  the  subject  in  the  quiet  room  by  means  of  a  telephone  receiver. 
The  sound  to  be  eslimated  came  first.  After  an  instantaneous  interrup- 
tion the  sound  began  again.  When  the  subject  thought  that  it  had 
lasted  as  long  after  (he  interruption  as  before  it,  he  pressed  a  key  which 
recorded  a  spark  on  the  drum  of  the  kymograph.     The  contacts  were  so 


arranged  that  an  experiment  occupied  the  first  part  of  every  period  of  i8', 
the  remainder  of  the  period  ser^'ing  for  rest.  This  was  intended  to  avoid 
as  far  as  possible  any  influence  of  fatigue.     A  seriesof  such  records  is  given 

'SirHli'TlKB,   KUmen!itiy  (ount  in  p'yihoU'^cal  miiisiir.menli.  Stud.   \"ale  I'fych, 
Lab.,  1856  IV  117. 
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in  Fig.  II.  A  represents  the  beginning  of  the  tone  ;  B,  the  point  where 
it  was  interrupted ;  and  C,  the  point  where  the  inter\'al  of  time  from  B 
to  C  was  equal  to  that  from  A  to  B.  The  dots  represent  the  first  ten 
estimates  of  100-  by  the  subjects  A.F.,  R.E.  and  H.J.  on  the  first  day  ; 
the  group  at  the  top  of  the  figure  being  the  estimates  for  A.F.,  the  sec- 
ond those  for  R.E.  and  that  at  the  bottom  those  for  H.J.  This  may  be 
said  to  represent  in  a  general  way  the  ability  of  different  individuals  to 
judge  intervals  of  time  without  practice. 

A  number  of  preliminary  experiments  demonstrated  the  fact  already 
established  by  a  number  of  investigators  that  the  time-judgment  varied 
considerably  for  the  same  inter\al  with  different  individuals  and  with  the 
same  individual  for  different  intervals.  Attempts  have  been  made  to  es- 
tablish a  definite  interval  as  that  which  can  be  estimated  with  the  smallest 
amount  of  error,  but  the  point  has  varied  with  each  investigator. 

The  three  inter\'als,  82^,  100^  and  164^,  were  selected  because  they 
i:overed  the  field  of  most  accurate  estimates  according  to  the  results  ob- 
tained by  previous  investigators. 

Those  who  served  as  subjects  for  the  experiments  were  W.J.  (Jump), 
R.E.  (Evans),  E.F.  (Furguson)  and  B.B.  (Brown),  students  in  the 
Theological  Seminary  ;  A.F.  (Fisher)  and  C.S.  (Smith),  steward  and 
mechanic  of  the  Psychological  Laboratory. 

Daily  average  estimates. 

The  average  estimates  for  successive  days  are  given  in  Table  XI.,  and 
are  graphically  represented  in  Figs.  12,  13  and  14, 

Every  precaution  was  taken  to  prevent  the  subjects  from  counting  or 
moving  any  part  of  the  body  by  which  they  might  measure  off  the  time 
through  muscular  energy,  the  object  being  to  ascertain  whether  a  person 
has  an  actual  time-sense  regardless  of  any  form  of  muscular  activity  or 
mental  calculation. 

An  inspection  of  the  results  for  A.  F.  shows  that  there  was  a  constant 
decrease  in  the  time  estimate  from  day  to  day.  Beginning  with  88-  on 
the  first  day,  he  gradually  reduced  the  estimate  during  16  days*  practice 
to  55-,  which  is  but  little  more  than  one-half  of  the  time  to  be  estimated. 
The  same  facts  were  brought  out  in  the  case  of  R.  E.,  whose  average  esti- 
mate of  100-  was  on  the  first  day  159^ ,  and  102^  on  the  eighth  day.  This 
shows  a  decrease  of  about  one-half  in  the  average  estimate.  H.  J.  in- 
( Teased  his  average  for  the  first  day,  99^,  until  the  third  day  when  he 
reached  his  maximum  point,  116^,  after  which  the  estimate  decreased  until 
next  to  the  last  day.  The  very  large  estimate,  137^,  on  the  last  day,  no 
doubt,  was  due  to  ner\'ousness.    The  record  for  this  day  should  not  be 
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Tahle  XI. 


Average  estimates  on  successive  days. 


A.  F. 


R.  E. 


H.J. 


Date 

Esti- 

Date    Esti- 

i-:sti. 

1898. 

mate 

on 
ioo2 

p.  e. 

p.  e. 
as 

% 

189S 

L    mate 
on 
loo2 

p.  e. 

p.  e. 
as 

mate 

on 

ioo2 

p.  e. 

p.  e. 
as 

XI-26 

88 

1.4 

1.7 

XII- 

15  159 

1.5 

0.9 

99 

1.4 

1.4 

27 

91 

1.7 

1.9 

16  130 

1.6 

1.2 

103 

1.6 

1.5 

28 

73 

I.I 

1.5 

17  138 

1.8 

1.3 

116 

I.I 

1.0 

30 

88 

1.4 

1.7 

18  118 

'•3 

I.I 

114 

I.I 

1.0 

XII-i 

74 

1.6 

2.2 

19  114 

I.I 

1.0 

114 

1.5 

1.3 

2 

73 

1.5 

2.0 

20  117 

I.I 

1.0 

109 

1.2 

I.I 

3 

58 

1.3 

2.2 

21   107 

0.9 

0.8 

103 

1.0 

1.0 

4 

54 

1.7 

31 

22  102 

0.8 

0.8 

137 

2.3 

1.7 

5 

53 

1.2 

2.3 

6 

58 

0.8 

1.4 

7 

61 

I.O 

1.6 

8 

53 

1.3 

2.5 

9 

55 

0.8 

1.5 

10 

58 

I.I 

1-9 

II 

55 

1.0 

1.8 

12 

55 

1.2 

2.2 
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p.  e. 

mate 

\ 

p.  e. 

mate 

p.  e. 

mate 

p.  e. 

y 

on 

p.  e. 

as 

on 

p.  e. 

as 

on 

p.  e. 

as 

on 

p.  e. 

as 

82S 

% 

822 

'k 

1642 

'/c 

1642 

7c 

1-26 

97 

I.I 

I.I 

73 

1-5 

2.0 

91 

6.5 

7.1 

147 

3-3 

2.2 

27 

99 

I.I 

I.I 

70 

1.0 

1.4 

99 

2.3 

2.3 

157 

2.0 

1-3 

28 

102 

1.8 

1.8 

69 

0.9 

1.4 

105 

2.5 

2.4 

164 

2.6 

1.6 

29 

113 

1-7 

1.5 

82 

1.5 

1.8 

119 

2.2 

1.8 

162 

2.1 

1.3 

31 

1X2 

1.6 

1.4 

80 

I.I 

1.4 

118 

2.5 

2.1 

167 

2.2 

1-3 

II-   I 

113 

1.5 

1.3 

82 

0.9 

I.I 

157 

2.6 

1.6 

166 

39 

2.3 

2 

"5 

0.8 

0.7 

80 

1.5 

1.9 

154 

2.4 

1.6 

180 

2.5 

1-3 

3 

107 

1-5 

1.4 

92 

1.8 

2.0 

155 

3.4 

2.2 

207 

2.8 

1.4 

4 

lOI 

1.3 

1.3 

99 

1.2 

1.2 

169 

2.8 

1.6 

175 

2.7 

1.5 

5 

116 

1-3 

I.I 

99 

1.4 

1.4 

150 

31 

2.1 

205 

2.7 

1.3 

6 

118 

1.5 

1.3 

87 

1.8 

2.1 

159 

3-5 

2.2 

190 

2.4 

1.3 

Unit  of  measurement,  iS  =  o.oi'. 

Number  of  estimates  on  each  day,  30  to  50. 

The  probable  error  of  a  determination  varies  from  rh  io<'  to 

p.  e. ,  probable  error  of  each  estimate  from  the  average. 
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considered  in  making  up  our  deductions  to  be  drawn  from  the  results,  for 
the  subject  was  in  a  very  nervous  state  when  the  experiment  was  made.  I 
incUided  the  record  in  the  table  only  to  contrast  the  difference  between 
the  nervous  and  tranquil  frame  of  mind  in  respect  to  the  estimate  of 
time. 
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Fig.  12. 


-V,  upper  line,  serial  number  of  day. 
Xj  lower  line,  days  of  previous  practice. 
>',  estimate  of  an  interval  of  loo2. 


In  the  cases  of  B.  B.  and  E.  F.,  Table  XL,  where  82^ was  the  interval 
given,  we  notice  that  with  each  of  these  subjects,  the  time  estimate  was 
continually  lengthened  as  practice  continued.  B.  B.  began  with  an  aver- 
age estimate  of  97^  on  the  first  day,  which  was  larger  than  the  interval  to 
be  estimated  and  continued  to  increase  the  interval  throughout  the  series 
of  experiments.  E.  F.  followed  the  same  course,  but  he  began  with  an 
average  estimate  of  73^  on  the  first  day,  which  increased  daily,  until  his 
estimate  exceeded  the  correct  amount  by  15^.     Hence  there  was  with 
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Fk;.  13. 

-V,  upper  line,  serial  number  of  day. 
A',  lower  line,  days  of  previous  practice. 
>',  estimate  of  an  interval  of  822. 
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Fig.  14. 

A',  upper  line,  serial  number  of  day. 
A',  lower  line,  days  of  previous  practice. 
}',  estimate  of  an  interval  of  1642. 
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E.  F.  a  total  increase  of  24^  in  his  estimate,  and  with  B.  B.  21-.  These 
amounts  divided  by  the  number  of  days  (11),  would  give  an  increase  of  over 
2-  per  day.  Likewise  A.  F.  decreased  his  average  daily  estimate  by  33-  in 
16  (lays,  a  daily  decrease  of  2-  per  day.  R.  E.  decreased  his  estimate 
57-  in  eight  days,  a  decrease  of  7-  per  day.  The  correcting  process  pres- 
ent in  the  case  of  H.  J.,  no  doubt,  caused  the  irregularities  in  his  habit 
curve,  for  the  subject  was  aware  of  the  tendency  to  underestimate  long 
intervals  and  to  overestimate  short  intervals.  Consequently  he  continually 
corrected  himself.  But  even  in  his  case,  we  notice  that  after  the  third 
day's  ])ractice  there  was  a  tendency  to  shorten  the  interval. 

When  164^  was  estimated,  the  same  facts  were  found  to  exist.  How- 
ever, it  should  be  noted  that  where  A.  F.  decreased  his  estimate  when 
100-  was  the  given  interval,  he  increased  it  from  91^  to  159^  (the  highest 
l)oint  being  169^,  9th  day)  in  estimating  the  164^  interval ;  C.  S.,  like- 
wise, increased  his  estimate  of  164^,  approximately  4^  per  day. 

When  the  100^  interval  was  estimated,  all  may  be  said  to  have  de- 
creased their  estimates  of  its  duration  by  practice, varying  in  amount  with 
each  individual.  Moreover,  each  had  a  different  conception  of  its  duration 
in  the  very  beginning  of  the  experiments,  ranging  from  88^  to  1 59-.  When 
82- and  164^  were  the  intervals  estimated  all  the  subjects  increased  their 
estimates  of  it  by  practice.  The  estimates  of  82-  on  the  first  day  were 
97- and  73-.     Of  164^,  the  estimates  were  91^  and  147^. 

In  Table  XI.  are  given  the  probable  errors  for  each  day's  estimate.  In 
the  third  column  the  probable  error  is  expressed  as  a  percentage  of  the 
estimate.  Though  there  was  a  decrease  in  the  absolute  probable  error 
with  each  of  the  subjects,  yet  when  it  is  expressed  as  a  percentage  there 
was  only  one  case,  C.  S.,  in  which  the  relative  probable  error  decreased 
more  rai)idly  than  the  average  estimate  decreased  or  increased  as  the  case 
may  be  from  day  to  day.  This  fact  demonstrates  that  the  changes  in 
the  daily  average  estimates  were  not  due  to  fatigue.  If  the  effects  of 
fatigue  had  been  more  prominent  in  the  early  part  of  the  series  than  in 
the  latter  part  then  there  would  have  been  a  decrease  in  the  percentage 
of  error.  But  there  was  little  cause  for  fatigue,  since  the  subject  was  re- 
cjuired  to  make  only  one  judgment  every  18  seconds. 

The  facts  brought  out  in  these  experiments  are  important  as  throwing 
some  light  on  the  various  "indifference  points*'  obtained  by  different 
investigators.  The  estimate  is  a  personal  factor  which  varies  with  each 
person  and  with  the  same  person  at  different  periods  of  practice.  To 
make  a  test  of  this  point,  after  the  the  close  of  the  series  I  changed  the 
interval  of  loo^  to  75^  and  gave  A.  F.  a  few  tests.   The  results  were:  50, 

49'  3-^,  49»  49»  59»  3^,  43»  47,  39,  53,  35,  39,  33,  49»  5i,  3^,  43»  33, 
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36  (ave.  43-;  p.  e.,  4-).  These  figures,  however,  may  have  been  in- 
fluenced by  practice  on  the  100^;  the  large  probable  error  would  seem 
to  indicate  it. 

The  above  figures,  as  well  as  the  changes  in  the  time  estimate  due  to 
practice,  Table  XL,  would  seem  to  indicate  that  the  interval  which  we 
judge  with  maximum  accuracy  is  a  changeable  one,  depending  upon  the 
amount  of  previous  practice.     Nor  does  it  seem  that  our  "time -sense," 
when  unaided  by  some  form  of  muscular  action,  is  sharpened  by  practice  ; 
on  the  other  hand  it  may  become  less  accurate.     Without  doubt,   if 
some  additional  basis  were  allowed,  as  in  counting  or  moving  of  the 
hand,  practice  would  undoubtedly  produce  good  results,  in  which  in- 
stance it  becomes  a  measure  of  muscular  strain  when  carried  into  overt 
acts,  or  of  strain  of  the  attention  when  only  the  impulse  is  felt.      The 
differences   then  in  the  time  estimate  of  different  individuals  depend 
partly  upon  their  nature,  whether  impetuous  and  nervous  or  temj>erate 
and  deliberate ;  partly  upon  the  direction  of  the  attention. 

While  the  ner\ous  temperament  may  account  for  the  difference  in  time 
estimate  of  different  individuals,  it  does  not  explain  the  variations  in 
estimate  day  by  day.  For  instance,  in  the  case  of  A.  F.  (the  only  sub- 
ject practiced  on  two  different  periods)  the  case  is  reversed  in  the  two 
estimates.  He  not  only  underestimated  the  100^  at  the  very  beginning 
of  the  series  of  experiments  but  continued  to  reduce  the  estimate  through- 
out the  whole  series.  On  the  other  hand,  in  estimating  164^  his  under- 
estimate was  larger  in  the  beginning  of  the  series  than  at  its  close.  Con- 
sequently it  may  be  inferred  that  the  change  in  the  estimates  of  the  two 
periods  was  not  due  so  much  to  the  nervous  temperament  of  the  person 
as  to  the  conception  of  the  length  of  the  interval  which  he  entertained 
at  the  beginning  of  the  series  of  experiments. 

Summary, 

1.  The  estimate  of  a  given  interval  varies  for  different  individuals  both 
with  and  without  practice. 

2.  The  estimate  varies  for  different  intervals  with  the  same  person 
both  with  and  without  practice. 

3.  Practice  on  the  same  interval  may  cause  the  variation  from  the  given 
interval  to  increase  with  one  person  and  decrease  with  another.  Or  it 
may  cause  the  variation  from  the  given  interval  to  increase  with  one  in- 
terval and  decrease  with  another  interval. 

4.  Time  estimate  is  a  personal  factor  depending  upon  (a)  the  nature 
of  the  person  whether  of  an  impulsive  or  quiet  temperament ;  (b)  upon 
the  point  of  the  fixation  of  the  attention  whether  to  the  sensory  or  to  the 
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motor  side ;   (c)  upon  the  acuteness  of  the  sense  of  the  person  to  strains 
accompanying  the  fixation  of  the  attention  and  muscular  tension. 

5.  The  change  that  practice  produces  in  the  estimation  of  time  is 
probably  due  to  fixing  the  attention  in  the  beginning  of  the  series  of 
experiments :  (a)  to  the  movement  to  be  performed,  in  which  case  the 
time  estimate  is  shortened  in  accordance  with  the  growth  of  automatic 
control ;  (b)  upon  the  sensory  side  in  which  case  the  time  estimate  is 
made  longer ;  (c)  on  the  idea  which  the  subject  entertains  of  the  in- 
terval on  beginning  the  experiment — if  he  considers  it  very  short, 
he  will  at  first  underestimate  it  and  will  increase  the  time  estimate 
by  practice ;  on  the  other  hand,  if  he  considers  it  very  long  he  may 
shorten  it  by  practice. 

6.  Our  sense  of  time  may  not  be  sharpened  by  practice ;  on  the  con- 
trary, it  may  become  less  accurate. 

7.  There  is  no  **  indifference  point "  from  which  the  subject  does  not 
vary  with  long  continued  practice. 

8.  The  overestimation  of  small  intervals  may  also  be  due  to  the  fact 
that  the  subject  does  not  take  into  consideration  his  reaction  time.  The 
underestimation  of  longer  intervals  may  also  be  due  to  the  fact  that  the 
impulse  to  react  keeps  ripening  and  soon  reaches  such  a  degree  of  in- 
tensity that  the  subject  cannot  withhold  the  reaction. 

V.    Regulated  rhythmical  action. 

Apparatus, 

By  regulated  rhythm  we  understand  such  actions  as  beating  with  a  sig- 
nal. The  sound  which  guided  the  subjects  in  beating  time  was  produced 
by  a  telegraph  sounder,  arranged  in  series  with  a  make  contact  on  a  revol- 
ving drum.  At  a  point  on  one  of  the  upright  standards  supporting  the 
drum  a  spring  was  attached.  To  the  drum  a  small  projecting  arm  was 
attached.  When  this  arm  moved  round  to  the  spring  attached  to  the 
standard  supporting  the  drum,  it  pressed  a  lever  down,  thus  closing  the 
circuit  through  the  telegraph  sounder,  and  thereby  producing  a  click  in 
the  sounder.  Consequently,  the  time  elapsing  between  successive  clicks 
of  the  sounder  depended  u{)on  the  speed  at  which  the  drum  was  revolved ; 
the  regularity  in  the  frequency  of  the  sounds  depended  upon  the  regu- 
larity in  the  speed  of  the  drum. 

The  drum  was  run  by  a  small  motor  to  which  it  was  attached  by  a 
thread  belt.  The  motor  was  run  by  a  current  produced  by  three  Edison - 
Lalande  batteries,  regulated  by  introducing  a  resistance  of  small  German- 
silver  wire.     In  this  way  the  speed  of  the  motor  could  be  adjusted  with 
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great  arcuracy.'  This  method  of  producing  sounds  at  regular  intervals 
rcijuired  a  motor  and  cirum  of  great  regularity.  A  careful  investigation 
was,  therefore,  made  on  several  kinds  of  drums  and  recording  arrange- 
ments. 

1.  Fa ii>os //iont>i;n7/*/t.  The  metal  cylinder  of  the  phonograph  may 
fre<iuently  be  used  as  a  recording  drum.  Three  tests  at  different  sj^eeds 
were  made  on  the  form  known  as  the  Home  Phonograph.  At  267.5'" 
per  second,  the  probable  error  was  1.85°"",  or  0.7%  ;  at  a  sj>eed  of 
174.2°'"  per  second,  it  was  0.42""",  or  0.2'/  ;  at  a  speed  of  354.3" 
per  second,  it  was  0.84""",  or  0.2'/  .  The  dnmi  is  thus  a  very  regular 
one.  The  small  size  of  the  drum  is  inconvenient,  but  the  works  are  so 
strong  that  they  might  be  used  in  running  a  much  larger  drum. 

2.  Lidwk;  kymoi^raph  maik  by  Baltzar.  At  the  slowest  speed,  o.  47""^ 
per  second,  the  i>robable  error  was  0.008  """,  ox  2^c  \  at  a  speed  of  0.9"", 
the  probable  error  was  o.oi'"'",  or  i.o^f:  :  at  28.9""",  the  prol)al)le  error 
was  0.14'"'",  or  0.2^  :  at  254.2""",  probable  error  was  1.64"*"*,  or  o.6J^. 
I  observed  that  at  the  slower  speeds  one  is  likely  to  keep  the  s]>nng 
wound  up  too  tightly,  in  which  case  the  probable  error  is  increased. 
Even  one-half  turn  of  the  handle  which  winds  the  spring  will  produce 
considerable  variation  in  its  speed. 

3.  Kdison  motor  run  by  Kihson-Lalande  batteries.  Four  tests  were 
made  at  different  speeds  and  on  different  dates.  Three  cells,  arranged 
in  series,  were  used  to  run  the  motor.  A  thread  from  the  motor  ran  the 
regular  recording  drum.  The  first  test  was  made  when  the  cells  were 
fresh.  At  the  high  speed  of  1037.7"""  per  second  (over  two  revolutions 
l)er  second),  the  i)robable  error  was  0.37'  • 

The  next  test  was  made  nine  days  later  ;  the  cells  had  been  in  con- 
stant use  in  the  meantime.  The  same  arrangements  were  used,  but  a 
slower  speed  was  tried.  At  159.3"'"'  V^^  second,  the  probable  error  was 
o.\2'/i  ,  Ten  days  later  another  test  was  made  at  a  speed  of  265.5*""'  P^^ 
second,  the  probable  error  was  0.08 ^f .  In  another  ten  days  a  test  was 
made  at  a  speed  of  150.5"'"',  the  prol)able  error  was  0.13%. 

These  tests  show  that  an  Ki>is(>n  motor  run  by  the  Edison-Lalande 
batteries  properly  arranged,  is  a  very  regular  source  of  power.  It  should 
be  stated  that  the  cells  must  work  for  several  minutes  before  they  become 
constant.  In  no  case  was  1  able  to  get  a  favorable  record  until  the  cells 
had  been  working  at  least  five  minutes.  The  above  tests  were  made 
after  the  cells  had  been  working  ten  minutes  or  more. 


*  Tlie  remainder  of  the  ap])aratus  use  1  was  idenlical  with  tliat  described  in  ScRlim'RE, 
EiCtHtntnry  course  in  psycholo^ital mcasurtments^  Slud.  Vale  Psych.  Lab.,  1896  IV  121. 
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4.  Latent  time  and  regularity  of  the  Pfeil  marker. 

(  I )  Break  contact.  When  the  break  contact  was  used  and  the  mag- 
netic cores  were  removed  as  far  as  possible  from  the  armature  to  which 
the  metallic  point  of  the  marker  was  attached,  the  latent  time  was  found 
to  be  I.I'',  with  a  probable  error  of  0.09*^.  The  current  was  not  strong 
enough  to  force  the  armature  to  react  promptly ;  hence  the  large 
probable  error.  When  the  cores  were  placed  in  close  contact  with  the 
armature,  the  remanent  magnetism  was  so  strong  that  it  caused  the  latent 
time  to  be  considerably  lengthened,  namely  to  14.7*';  but  the  probable 
error  was  reduced  to  0.03''. 

(2)  Make  contact.  When  the  cores  were  distant,  the  latent  time  was 
1.8^,  with  a  probable  error  of  0.12^.  With  the  cores  close  up  to  the 
armature,  the  latent  time  was  reduced  to  1.3*',  with  a  probable  error  of 
0.5^ 

If  one  desires  the  smallest  probable  error  possible,  then  the  adjustment 
with  the  cores  close  up  to  the  armature  on  the  make  contact ^  and  with 
them  distant  on  the  break  contact  is  the  most  favorable.  Several  tests 
were  made  on  intermediate  amplitudes  of  movement  of  the  armature, 
with  the  result  that  the  latent  time  varied  approximately  with  the  dis- 
tance of  the  cores  from  the  armature,  and  the  probable  error  inversely 
with  the  distance. 

5.  Latent  time  and  regularity  of  the  Deprez  marker.  The  results  of  the 
test  on  the  make  contact  showed  the  latent  time  to  be  2.5*^,  with  a  prob- 
able error  of  0.64^.  The  latent  time  in  the  case  of  the  break  contact 
with  the  same  adjustment  as  above  was  3.8*^,  with  a  probable  error  of 
o.oy^'.  Owing  to  the  delicacy  of  the  instrument,  changes  in  the  ampli- 
tude of  the  armature  did  not  affect  the  latent  time  so  much  as  they  did  in 
the  case  of  the  Pfeil  marker.  It  did,  however,  vary  somewhat  with  the 
strength  of  the  current  passed  through  it,  the  latent  time  increasing  with 
the  strength  of  the  current. 

6.  Regularity  of  the  spark  record.  The  probable  error  of  spark  records 
under  the  usual  conditions  at  the  Yale  Laboratory  is  0.25™™.  With  the 
same  apparatus  and  the  same  kind  of  paper  the  above  amount  is  constant 
whether  the  drum  is  still  or  in  motion.  Consequently  the  amount  that  it 
will  vitiate  the  record  depends  upon  the  speed  of  the  drum.  With  a  fast 
drum  it  is  negligible ;  with  a  slow  drum  it  must  be  taken  into  consider- 
ation. In  these  records  the  sharp  metal  point  of  the  marker  was  so  bent 
that  it  stood  perpendicular  to  the  surface  of  the  drum.  If  it  is  placed 
at  an  acute  angle  to  the  surface  of  the  drum,  the  error  is  largely  increased. 
When  thus  placed  the  spark  often-times  leaps  off  at  the  side  rather  than 
at  the  end  of  the  pointer.     The  thinnest  glazed  paper  is  used. 
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7.  Noiseless  key.  For  these  experiments  a  noiseless  key  was  necessary 
l>ecause  it  was  found  that,  while  beating  time,  the  subject  would  quite  as 
often  be  guided  by  the  sound  produced  by  the  key  which  he  used  as  by  the 
sound  coming  from  the  telegraph  sounder.  After  various  attempts  to  get 
a  noiseless  key,  that  which  was  found  best  adapted  to  the  purpose  of  our 
experiments  consisted  of  a  small  band  of  pendulum -wire  soldered  to  a  piece 
of  brass  which  was  fastened  in  a  handle.  The  band  rested  against  a  platinum 
point  so  that  when  it  was  moved  the  circuit  was  interrupted.  An  in- 
sulated wire  from  one  pole  of  the  battery  was  connected  with  the  platinum 
point  through  the  handle,  while  the  band  was  connected  with  the 
other  pole.  A  soft  substance  for  the  finger  to  strike  against  in  beating 
time  was  fastened  over  the  end  of  the  band.  By  this  method  we  were 
able  to  do  away  with  the  guidance  which  the  sound  from  an  ordinary 
telegraph  key  gave  to  the  ear  in  directing  the  beats.  Consequently  it 
was  necessary  for  the  subject  to  direct  his  attention  more  to  the  muscular 
feeling  than  to  the  coincidence  or  the  variance  between  two  sounds  as 
would  have  been  the  case  had  a  sounding  key  been  used. 

The  experiments  were  made  on  I.  M.  (Ishiro  Miyake),  A.  F.  (A. 
Fisher),  and  W.  J.  (W.  Johnson).     The  time  interval  was  one  second. 

Experiments. 

A  number  of  preliminary  tests  on  different  persons  showed  a  uniform 
tendency  to  anticipate  the  signal  made  by  the  telegraph  sounder  with  this 
form  of  key,  whereas  with  a  sounding  key  the  reverse  was  quite  as  often 


Tabi.k  XII. 

Daily  avera\^ei. 

/. 

M 

A. 

F 

/r. 

J 

Date  1S98. 

Constant 

Probable        Constant 

Probable 

Constant 

Probable 

Nov. 

error. 

error. 

error. 

error. 

error. 

error. 

14 

—  118 

39 

-158 

44 

159 

36 

15 

-136 

35 

-   69 

37 

-148 

29 

18 

40 

30 

80 

A2 

—  150 

22 

19 

•f      I 

66 

-f-    27 

26 

15 

39 

20 

—     4 

29 

+    65 

48 

—    24 

17 

21 

-i-    12 

28 

—      4 

39 

—    26 

20 

22 

+    14 

31 

+    10 

31 

37 

15 

Unit  of  measurement,  io"  =  0.001'. 
Number  of  beats  at  each  experiment,  40. 

The  sign  —  indicates  that  the  subject  beat  before  the  signal  was  heard ;   -f ,  that  he 
beat  after  the  signal  was  heard. 

The  probable  error  of  a  determination  varies  from  ±l^^  io  ^^<f , 
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true.     A  series  of  such  results  with  a  sounding  key  has  been  previously 
published  in  these  studies.* 

Likewise  the  results  with  the  noiseless  key  given  in  Table  XII. 
show  that  all  the  subjects  anticipated  the  signal,  not  only  on  the  first  day, 
but  also  during  the  first  three  da3rs  in  the  cases  of  I.  M.  and  A.  F., 
while  W.  J.  anticipated  the  signal  throughout  the  series  of  experiments. 

In  each  case  the  anticipation  of  the  signal  decreased  until,  in  the  latter    | 
part  of  the  series,  two  of  the  subjects  waited  until  they  heard  the  signal    \ 
before  beating.     The  figures  given  in  the  table  each  represent  the  averages    i 
of  40  beats.     The  constant  error  was  derived  by  adding  all  the  +  and     i 
—  errors  in  each  experiment,  taking  their  difference  and  dividing  by 
the  number  of  experiments.* 

Conclusions. 

The  prob&ble  error  for  each  of  the  subjects  was  in  the  beginning  of  the 
series  of  experiments  much  less  than  the  constant  error.  This  shows  that 
the  tendency  of  the  subject  at  first  was  to.be  governed  by  the  muscular 
rhythms  or  his  own  most  natural  rate  of  rhythmical  movement.  With 
practice,  however,  he  learned  to  accommodate  the  muscular  rhythm  to 
the  time  interval  of  the  signal.  However,  the  diverting  of  the  attention 
to  the  signal  prevented  the  rapid  decrease  of  the  probable  error  as  was 
observed  in  all  the  other  experiments.  The  psychological  order  of  de- 
velopment in  all  regulated  rhythmical  movements  is  (a)  the  change  from 
the  ordinary  rate  of  muscular  action  to  that  of  the  given  rate,  and  (b) 
then,  the  decrease  of  the  probable  error. 

VI.  Free  rhythmical  action. 

The  apparatus  consisted  of  a  revolving  drum  on  the  smoked  surface  of 
which  the  metal  point  of  a  Deprez  marker  wrote.  The  spark  method  was 
used.  Wires  from  a  battery  of  4  ampdres  were  connected  with  the 
mercury  cups  of  a  Kronecker  interrupter.  As  the  vibrating  arm  of  the 
interrupter  dipped  down  into  the  mercury,  it  closed  the  circuit  through 
the  spark  coil.  The  arm  of  the  interrupter  was  kept  vibrating  by  a  sepa- 
rate self-interrupting  circuit  through  the  magnets  on  either  side  of  the 
arm.  From  the  secondary  coil  of  the  spark  coil,  one  wire  led  to  the 
drum  and  the  other  was  connected  with  the  support  of  the  Deprez 
marker  so  that  at  each  make  of  the  interrupter  there  was  produced  a 
spark  on  the  line  drawn  by  the  point  of  the  marker.  The  interrupter 
was  adjusted  to  vibrate  10  times  a  second. 

1  Scripture,  h'.lttnentary  course  in  psychologieal  meamremtnis^  Stud.  Yale  Psych. 
Lab.,  1896  IV  123. 

2  Scripture,  New  Psychology,  182,  London  1897. 
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In  order  to  prevent  irregularities  in  the  spark  record  and  to  keej)  the 
mercury  from  oxidizing,  a  stream  of  water  was  allowed  to  flow  over  the 
surface  of  the  mercury.  According  to  the  original  plan  two  flasks,  con- 
nected by  rubber  tubing  with  the  mercury  cui)s,  were  filled  with  water 
and  placed  above  at  sufficient  height  to  get  the  necessary  amount  of 
pressure.  This,  however,  was  replaced  by  a  much  more  convenient  reser- 
voir, arranged  by  Dr.  Scripture,  which  was  fastened  to  a  tripod  and 
placed  a  little  above  the  intemipter.  The  reservoir  was  connected  by 
Ribber  tubing  with  a  hydrant.  Two  nibber  tubes  were  led  from  the  base 
of  the  reservoir  to  the  two  mercury  cups  connected  with  the  intemipter. 
Any  amount  of  water  could  in  this  way  be  supplied.  In  the  event  of  too 
large  a  suj^ply  there  was  a  waste  pipe  connected  with  the  reservoir  which 
prevented  it  from  overflowing. 

The  Deprkz  marker  was  connected  with  a  break  contact  key  in  the 
(juiet  room.  E^ch  movement  of  the  key  made  a  break  in  the  circuit, 
and  this  in  turn  produced  a  movement  in  the  amiature  of  the  marker.  As 
in  the  preceding  section,  the  noiseless  key  was  used  because  it  was  de- 
sired to  ascertain  the  rhythm  of  the  person  when  unaided  by  the  ear.  The 
key  was  held  between  l)ags  of  sand  placed  on  the  lap.  No  restrictions 
were  placed  on  the  amplitude  of  the  movement  of  the  finger  or  hand  in 
beating  time.  The  subject  was  directed  to  choose  his  own  rate  of  move- 
ment and  was  recjuested  to  retain  the  same  speed  throughout  the  series  of 
experiments.  All  explanations  were  made  before  the  beginning  of  the 
experiments.  The  subjec  ts  were  not  informed  of  their  rate  of  moven^ent. 
In  most  instances  the  watch  which  the  subject  carried  in  his  pocket  was 
laid  aside  because  it  was  found  that  the  ticking  of  the  watch  caused  dis- 
traction of  the  attention  with  some  subjects. 

Daily  averages. 

The  figures  given  in  Table  XIII.  show  that  all  the  subjects  constantly 
decreased  the  interval  between  beats  as  practice  was  continued.  Though 
each  j)ractice  lasted  during  the  time  recjuired  to  make  from  250  to  400 
beats,  only  sections  of  each  practice  are  given  in  the  table.  Section  I. 
gives  the  averages  of  the  first  40  beats ;  section  II.  the  averages  of  the 
next  40  beats;  and  section  III.  that  portion  included  between  the  i6oth 
and  2oist  beats. 

The  shortening  in  the  average  time  of  the  beat  is  apparent  in  every 
case.  The  shortening  was  probably  due  to  the  increasing  ease  with  which 
the  subject  performed  the  experiment.  His  mental  processes  probably 
became  more  fluent  as  the  result  of  practice.  It  was  also  noticed  in 
several  cases  that  the  amplitude  of  the  movements  of  the  hand  also  de- 
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Tablk  XIII. 
Average  daily  rhythmical  moi'i  incut. 


A 


W 


C 


V. 

p 

1st 
heats 

p.  e. 

p.  e. 

P.E. 

p.  e. 

p.  e. 

P.E. 

5' 3 

p.  e. 

p.  c. 

P.  I 

'  w 

*                                i 

1 

0 

1  V 

f  0 

» ■ 

81 

t*i 

XI 

—  20 

73 

32 

4.4 

0.5 

64 

3.4 

5-3 

05 

53 

1.7 

3-2 

0-3 

21 

53 

2.4 

4-5 

0.4 

52 

2.0 

3.9 

0.3 

49 

2.1 

4.3 

03 

22 

46 

1-5 

3-3 

0.2 

45 

1.2 

2.7 

0.2 

45 

1.0 

2.3 

0.2 

F. 

23 

43 

1-9 

4.4 

0.3 

42 

1.9 

4.5 

0.3 

45 

2  0 

4.4 

0.3 

24 

40 

1.7 

4.2 

0.3 

37 

1.2 

32 

0.2 

33 

1.0 

30 

0.2 

25 

36 

1.2 

3-3 

0.2 

35 

1-3 

3-7 

0.2 

34 

2.2 

6.5 

0.4 

26 

32 

I.I 

3-4 

0.2 

32 

1-3 

4.0 

0.2 

32 

I.I 

3.4 

0.2 

27 

25 

1.2 

4.8 

0.2 

25 

i.i 

4.4 

0.2 

25 

I.I 

4.4 

0.2 

X 

-25 

99 

3-1 

3.2 

0.6 

91 

3.0 

3.3 

0.5 

89 

3.4 

3.8 

0.6 

27 

73 

3-2 

4.4 

0.5 

76 

2.9 

3.8 

0.5 

71 

4.1 

5.8 

0.7 

28 

69 

2.6 

3-8 

0.4 

64 

3-7 

4-2 

0.4 

61 

2.2 

3.6 

0.4 

.  s. 

29 

62 

1-9 

3-1 

0.3 

60 

1.5 

2.5 

03 

60 

1.7 

2.8 

0-3 

30 

63 

2.7 

4.3 

0.4 

60 

1.8 

3.0 

0.3 

57 

1-9 

3.3 

0.3 

XI 

—  I 

6[ 

2.2 

3.6 

0.4 

60 

1.2 

2.0 

0.2 

56 

1.7 

30 

0.3 

2 

59 

1.5 

2.5 

0.3 

58 

1.0 

1.7 

0.2 

55 

1.6 

29 

0.3 

X 

—  21 

84 

3.1 

3-7 

0.5 

86 

2.9 

3-4 

0.5 

87 

3-3 

3.8 

0.5 

22 

56 

1-4 

2.5 

0.2 

55 

I.I 

2.0 

0.2 

54 

1.6 

30 

0.3 

23 

63 

1-7 

2.7 

0.3 

65 

1.7 

2.6 

0.3 

62 

2.0 

3.2 

0.3 

s. 

25 

59 

1.7 

2.9 

0.3 

60 

1.4 

2.3 

0.2 

58 

1.5 

2.6 

03 

26 

55 

2.4 

4.4 

0.4 

54 

2.1 

3-9 

0.3 

54 

1.7 

3-2 

0.3 

-J7 

54 

2.1 

3.9 

0.3 

53 

1-7 

3.2 

0.3 

51 

1.6 

3.1 

0.3 

28 

52 

1.7 

3-3 

0.3 

52 

1.2 

2.3 

0.2 

51 

1.4 

2.8 

0.2 

X 

—  23 

185 

4.6 

2.5 

0.7 

175 

5-2 

3.0 

0.9 

163 

5.1 

3.1 

0.8 

24 

no 

3.5 

3.2 

0.6 

108 

4.0 

3.7 

0.7 

lOI 

6.2 

6.1 

0.9 

.  V. 

25 

133 

5.5 

4.2 

0.9 

137 

3.5 

2.5 

0.6 

143 

3.7 

2.6 

0.6 

26 

122 

3.5 

2.9 

0.6 

117 

2.4 

2.1 

0.4 

123 

2.9 

2.4 

0.5 

27 

IH 

2.5 

2.2 

0.4 

112 

2.0 

1.8 

03 

108 

2.5 

2.3 

0.4 

X 

-23 

78 

3.1 

4.0 

0.5 

75 

1-9 

2.5 

0.3 

75 

3-5 

4.7 

0.6 

24 

66 

2.5 

3.9 

0.4 

64 

1-9 

3.0 

0.3 

63 

1.6 

2.5 

0.3 

.  w. 

25 

70 

2.3 

3.3 

0.4 

68 

1.7 

2.5 

03 

63 

2.0 

3.2 

0.3 

26 

64 

1.8 

2.8 

0.3 

64 

1-5 

2.4 

0.3 

60 

2.0 

3-3 

0-3 

XI 

27 
23 

63 
44 

1.6 
3.0 

2.6^.3 
6.8^0.5 

62 
40 

1.2 
1.8 

1.9 

4.5 

0.2 
0.3 

59 

37 

1.6 
1.5 

2.7 
4.1 

0.3 
0.2 

24 

40 

2.0 

50 

0.3 

37 

1.0 

2.7 

0.2 

33 

1.0 

3.0 

0.2 

p. 

^5 

40 

1.5 

3.8 

0.3 

38 

1.2 

3-2 

0.2 

34 

1.0 

2.9 

0.2 

26 

37 

1.4 

3.8 

0.2 

36 

1.0 

2.8 

0.2 

33 

1-3 

4.0 

0.2 

27 

37 

0.9 

2.4 

0.2 

35 

0.8 

2.3 

0.1 

33 

1.0 

30 

0.2 

X 

31 

53 

3-0 

5-7 

0.5 

49 

31 

6.3 

0.5 

46 

1-9 

4.1 

0.3 

XI 

—  I 

56 

3.8 

6.8 

0.6 

54 

2.5 

4.6 

0.4 

50 

2.8 

5.6 

0.5 

2 

54 

2.3 

4-2 

0.4 

52 

2.0 

3.9 

0.3 

46 

1-9 

4.0 

0.3 

:.  J. 

3 

50 

2.4 

4.8 

0.4 

^2 

1.8 

3.7 

0.3 

46 

1.9 

4.1 

03 

4 

48 

1.6 

3-4 

0.3 

48 

1.2 

2.5 

0.2 

46 

1.5 

3.3 

03 

47 

1.2 

2.6 

0.2 

47 

1.0 

2.1 

0.2 

45 

1.6 

3.6 

0.3 

6 

47 

I.O 

2.1 

0.2 

46 

1.0 

2.1 

0.2 

45 

1.2 

2.7 

0.2 

The  unit  of  measurement  is  i2  =  o.oi'. 

The  number  of  experiments  at  each  practice  ranged  from  250  to  400. 
The  probable  error  of  a  determination  varied  from  :h^  to  ri  a*" . 
p.  e.,  probable  error  of  each  beat  from  the  average  on  that  day. 
P.  E.,  probable  error  of  determination. 
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In  order  to  prevent  irregularities  in  the  spark  record  and  to  keep  the 
mercury  from  oxidizing,  a  stream  of  water  was  allowed  to  flow  over  the 
surface  of  the  mercury.  According  to  the  original  plan  two  flasks,  con- 
nected by  rubber  tubing  with  the  mercury  cups,  were  filled  with  water 
and  placed  above  at  sufficient  height  to  get  the  necessary  amount  of 
pressure.  This,  however,  was  replaced  by  a  much  more  convenient  reser- 
voir, arranged  by  Dr.  Scripture,  which  was  fastened  to  a  tripod  and 
placed  a  little  alx)ve  the  interrupter.  The  reser\oir  was  connected  by 
mbber  tubing  with  a  hydrant.  Two  nibber  tubes  were  led  from  the  base 
of  the  reservoir  to  the  two  mercury  cups  connected  with  the  interrupter. 
Any  amount  of  water  could  in  this  way  be  supplied.  In  the  event  of  too 
large  a  supply  there  was  a  waste  pipe  connected  with  the  reservoir  which 
prevented  it  from  overflowing. 

The  Deprez  marker  was  connected  with  a  break  contact  key  in  the 
(juiet  room.  Each  movement  of  the  key  made  a  break  in  the  circuit, 
and  this  in  turn  produced  a  movement  in  the  armature  of  the  marker.  As 
in  the  preceding  section,  the  noiseless  key  was  used  because  it  was  de- 
sired to  ascertain  the  rhythm  of  the  person  when  unaided  by  the  ear.  The 
key  was  held  between  liags  of  sand  placed  on  the  lap.  No  restrictions 
were  placed  on  the  amplitude  of  the  movement  of  the  finger  or  hand  in 
beating  time.  The  subject  was  directed  to  choose  his  own  rate  of  move- 
ment and  was  requested  to  retain  the  same  speed  throughout  the  series  of 
experiments.  All  explanations  were  made  before  the  beginning  of  the 
experiments.  The  subjects  were  not  informed  of  their  rate  of  moven»ent. 
In  most  instances  the  watch  which  the  subject  carried  in  his  pocket  was 
laid  aside  because  it  was  found  that  the  ticking  of  the  watch  caused  dis- 
traction of  the  attention  with  some  subjects. 

Daily  averages. 

The  figures  given  in  Table  XIII.  show  that  all  the  subjects  constantly 
decreased  the  interval  between  beats  as  practice  was  continued.  Though 
each  practice  lasted  during  the  time  recjuired  to  make  from  250  to  400 
beats,  only  sections  of  each  practice  are  given  in  the  table.  Section  I. 
gives  the  averages  of  the  first  40  beats  ;  section  II.  the  averages  of  the 
next  40  beats;  and  section  III.  that  portion  included  between  the  i6oth 
and  20 1  St  beats. 

The  shortening  in  the  average  time  of  the  beat  is  apparent  in  every 
case.  The  shortening  was  probably  due  to  the  increasing  ease  with  which 
the  subject  performed  the  experiment.  His  mental  processes  probably 
became  more  fluent  as  the  result  of  practice.  It  was  also  noticed  in 
several  cases  that  the  amplitude  of  the  movements  of  the  hand  also  de- 
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Table  XIII. 

Average  daily  rhythm 

ucal  moviment. 

3 

• 

0 

p.  e. 

p.  e. 

as  % 

P.E. 

5"  0 

p.  e. 

p.  e. 

P.E. 

0  ^ 

8  1 

p.  e. 

p.  e. 

as  % 

P.t 

XI 

—    20 

73 

32 

4.4 

0.5 

64 

3-4 

5-3 

05 

53 

1-7 

3-2 

03 

21 

53 

2.4 

4-5 

0.4 

52 

2.0 

3.9 

0.3 

49 

2.1 

4.3 

03 

22 

46 

1-5 

3-3 

0.2 

45 

1.2 

2.7 

0.2 

45 

1.0 

2.3 

0.2 

.  F. 

23 

43 

1-9 

4.4 

0-3 

42 

19 

4.5 

0.3 

45 

2  0 

4.4 

0.3 

24 

40 

1.7 

42 

03 

37 

1.2 

3-2 

0.2 

33 

1.0 

30 

0.2 

25 

36 

1.2 

3-3 

0.2 

35 

1.3 

3.7 

0.2 

34 

2.2 

6.5 

0.4 

26 

32 

I.I 

3-4 

0.2 

32 

1.3 

4.0 

0.2 

32 

I.I 

3.4 

0.2 

27 

25 

1.2 

4.8 

0.2 

25 

I.I 

4.4 

0.2 

25 

I.I 

4.4 

0.2 

X 

25 

99 

3.1 

3-2 

0.6 

91 

3.0 

3.3 

0.5 

89 

3.4 

3.8 

0.6 

27 

73 

3.2 

4.4 

0.5 

76 

2.9 

3.8 

0.5 

71 

4.1 

5.8 

0.7 

28 

69 

2.6 

3-8 

0.4 

64 

2-7 

4.2 

0.4 

61 

2.2 

3.6 

0.4 

.  s. 

29 

62 

1-9 

3-1 

0.3 

60 

1.5 

2.5 

0.3 

60 

1.7 

2.8 

0.3 

30 

63 

2.7 

4.3 

0.4 

60 

1.8 

3.0 

03 

57 

1-9 

3-3 

0-3 

XI 

—     I 

61 

2.2 

3.6 

0.4 

60 

1.2 

2.0 

0.2 

56 

1.7 

30 

0.3 

2 

59 

1.5 

2.5 

0.3 

58 

1.0 

0 

1.7 

0.2 

55 

1.6 

29 

03 

X 

—  21 

84 

3.1 

3-7 

0.5 

86 

2.9 

3-4 

0.5 

87 

3..-^ 

3-8 

0.5 

22 

56 

1-4 

2.5 

0.2 

55 

I.I 

2.0 

0.2 

54 

1.6 

3.0 

03 

23 

63 

1-7 

2.7 

0.3 

65 

1.7 

2.6 

03 

62 

2.0 

3-2 

0.3 

s. 

25 

59 

1.7 

2.9 

0.3 

60 

1.4 

2.3 

0.2 

58 

1.5 

2.6 

0.3 

26 

55 

2.4 

4.4 

0.4 

54 

2.1 

3.9 

0.3 

54 

1.7 

3.2 

0.3 

^7 

54 

2.1 

3.9 

0-3 

53 

1-7 

3.2 

03 

51 

1.6 

31 

0.3 

28 

52 

1.7 

3-3 

0.3 

52 

1.2 

2.3 

0.2 

51 

1.4 

2.8 

0.2 

X 

—  23 

185 

4.6 

2.5 

0.7 

I^ 

5-2 

3.0 

0.9 

163 

5.1 

3.1 

0.8 

24 

no 

3-5 

3.2 

0.6 

4.0 

3.7 

0.7 

lOI 

6.2 

6.1 

0.9 

.  F. 

25 

133 

5.5 

4.2 

0.9 

137 

3-5 

2.5 

0.6 

M3 

3-7 

2.6 

0.6 

26 

122 

3.5 

2.9 

0.6 

117 

2.4 

2.1 

0.4 

123 

2.9 

2.4 

05 

27 

IH 

2.5 

2.2 

0.4 

112 

2.0 

1.8 

0.3 

108 

2.5 

2.3 

0.4 

X 

-23 

78 

3.^ 

4.0 

0.5 

75 

1-9 

2.5 

0.3 

75 

3-5 

4.7 

0.6 

24 

66 

2.5 

3-9 

0.4 

64 

1-9 

3-0 

0.3 

63 

1.6 

2.5 

0.3 

.  \v. 

25 

70 

2-3 

3-3 

0.4 

68 

1.7 

2.5 

0.3 

63 

2.0 

3.2 

0.3 

26 

64 

1.8 

2.8 

0.3 

64 

1.5 

2.4 

0-3 

60 

2.0 

3.3 

0-3 

27 

63 

1.6 

2.6 

0.3 

62 

1.2 

1-9 

0.2 

59 

1.6 

2.7 

0.3 

XI 

—  23 

44 

3.0 

6.8 

0.5 

40 

1.8 

4.5 

0.3 

37 

1.5 

4.1 

0.2 

24 

40 

2.0 

5.0 

03 

37 

1.0 

2.7 

0.2 

33 

1.0 

3.0 

0.2 

p. 

25 

40 

1.5 

3.8 

0.3 

38 

1.2 

3.2 

0.2 

34 

1.0 

2.9 

0.2 

26 

37 

1.4 

3.8 

0.2 

36 

1.0 

2.8 

0.2 

33 

1-3 

4.0 

0.2 

27 

37 

0.9 

2.4 

0.2 

35 

0.8 

2.3 

0.1 

33 

1.0 

30 

0.2 

X 

31 

53 

3-0 

5-7 

0.5 

49 

3.1 

6.3 

0.5 

46 

1.9 

4.1 

0.3 

XI 

—    I 

56 

3.8 

6.8 

0.6 

54 

2.5 

4.6 

0.4 

50 

2.8 

5.6 

0.5 

2 

54 

2.3 

4-3 

0.4 

52 

2.0 

3.9 

0.3 

46 

1-9 

4.0 

0.3 

• .  J. 

3 

50 

2.4 

4.8 

0.4 

49 

1.8 

3-7 

0.3 

46 

1.9 

4.1 

0.3 

4 

48 

1.6 

3-4 

0.3 

48 

1.2 

2.5 

0.2 

46 

1.5 

3.3 

0-3 

5 

47 

1.2 

2.6 

0.2 

47 

1.0 

2.1 

0.2 

45 

1.6 

3.6 

0.3 

6 

47 

I.O 

2.1 

0.2 

46 

1.0 

2.1 

0.2 

45 

1.2 

2.7 

0.2 

The  unit  of  measurement  is  l2  =  o.OI*. 

I'he  number  of  experiments  at  each  practice  ranged  from  250  to  400. 
The  probable  error  of  a  determination  varied  from  dszOf  to  rt  2* . 
p.  e.,  probable  error  of  each  beat  from  the  average  on  that  day. 
P.  E. ,  probable  error  of  determination. 
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subjects,  but  is  expressed,  in  a  general  way,  by  the  average  daily  percent- 
age of  decrease  as  given  at  the  bottom  of  the  table.  The  same  thing  is 
seen  here  as  in  all  our  previous  experiments  and  that  is  that  the  beneficial 
effect  of  practice  in  the  reduction  of  the  irregularities  of  movement  is 
considerably  greater  in  the  first  experiment  than  in  any  succeeding  ex- 
periments. This  decreases  with  considerable  regularity  as  practice  con- 
tinues from  day  to  day. 

Second.  The  average  daily  gain  in  regularity  of  movement  varies 
with  each  individual.  The  averages  given  in  the  vertical  columns  show 
variations  ranging  from  —  14%  to  +  36%-  The  greater  uniformity,  as 
well  as  the  usually  larger  percentages  of  the  second  group  of  40  beats 
show  that  it  requires  some  time  before  the  muscles  can  adjust  themselves 
to  the  steadiest  and  evenest  action.  Consequently  the  period  of  the  first 
40  beats  may  be  considered  as  the  training  period  of  the  muscles. 

Finally,  our  results  show  that  the  principal  effects  of  practice  con- 
sisted mainly  in  overcoming  the  previous  effects  of  emphasis  rhythm, 
the  rhythm  of  speech,  poetry  and  music.  As  this  was  overcome  the 
beating-time  became  more  rapid  and  at  the  same  time  more  regular. 

IVII.  General  summary. 

The  object  of  this  investigation  was  to  ascertain  the  results  of  practice 
on  voluntary  movements  by  repeating  the  same  movements  an  equal 
number  of  times  each  day  until  approximately  the  highest  degree  of 
perfection  attainable  was  reached. 

I.    Triangular  movement  of  the  arm. 

The  first  experiment  consisted  in  tapping  continuously  at  the  corners 
of  an  equilateral  triangle  whose  sides  measured  20'"°.  The  tests  each  day 
lasted  only  a  short  time  ;  they  were  performed  from  6  to  1 1  days  by  seven 
persons. 

The  results  of  the  experiment  showed  that  the  greatest  gains  in  rapidity 
of  triangular  movements  of  the  hand  as  well  as  in  the  regularity  of  succes- 
sive movements  were  made  in  the  early  part  of  the  practice.  The  per- 
centage of  gain  in  speed  rapidly  decreased,  being  20%  for  the  second 
day,  10%  for  the  fifth,  and  5%  for  the  ninth  day.  The  probable  error 
was  used  as  a  measure  of  irregularity.  The  percentage  of  decrease  in 
irregularity  of  successive  movements  was  not  so  large  in  the  first  part  of 
practice  as  the  percentage  of  gain  in  speed  ;  but  after  the  fourth  day  the 
percentage  of  decrease  had  grown  until  it  exceeded  the  percentage  of 
increase  in  rapidity,  thus  demonstrating  that  the  psychological  order  of 
development  in  voluntary  movement  is  (i)  rapidity,  and  (2)  regularity. 


Researches  in  practice  and  habit.  loi 

• 

The  results  also  showed  that  during  each  practice  period  the  subject 
constantly  increased  in,  speed  and  regularity  of  movement  until  the  set- 
ting in  of  fatigue.  However,  where  the  exercise  was  continued,  after  a 
short  interval  there  was  a  renewal  of  the  effort  and  the  same  results  were 
observed  to  occur,  though  the  period  was  much  shorter  than  in  the 
former  case.  These  periods  of  renewal  of  energy  were  observed  to 
become  shorter  each  time  until  they  came  to  effect  almost  every  alternate 

movement. 

II.  Drawing  circles. 

This  experiment  consisted  in  making  circles  with  the  free  arm  move- 
ment. A  true  circle,  drawn  with  a  compass,  6o™°*  in  diameter  was  placed 
before  the  subject  as  a  copy.  Preliminary  tests  showed  that  ten  circles 
at  one  sitting  gave  the  best  general  results.  The  tests  were  made  on  seven 
f^ubjects,  extending  over  six  days. 

The  results  showed  that  with  the  right  hand  most  of  the  subjects 
gained  in  smoothness  of  contour  in  their  drawings  both  during  the 
progress  of  each  practice  and  from  day  to  day ;  with  the  left  hand  the 
results  were  more  irregular. 

Though  all  gained  in  the  smoothness  of  contour  of  their  curves,  yet 
all  did  not  make  them  of  a  size  corresponding  to  that  of  the  copy. 
These  results  brought  out  three  types  of  practice  :  (i)  that  in  which  the 
subject  decreased  the  size  of  the  circle  both  during  the  progress  of  each 
experiment  and  from  day  to  day  ;  (2)  that  in  which  the  size  of  the  circle 
was  increased  during  the  experiment  but  decreased  from  day  to  day : 
(3)  that  in  which  there  was  but  little  variation  from  the  copy  either  dur- 
ing the  progress  of  the  experiment  or  from  day  to  day.  The  first  two 
classes  were  those  who  regarded  more  carefully  the  smoothness  of  con- 
tour of  their  own  drawn  curves  than  they  did  their  correspondence  in 
size  to  that  of  the  copy.  The  third  class  were  those  who  directed  their 
attention  more  especially  to  the  size  of  the  curve,  and  who  closely  ob- 
served the  copy  each  time  before  beginning  to  draw  their  own  curves. 

The  results  also  showed  an  important  principle  bearing  on  pedagogy  : 
that  a  short  exercise  often  repeated  is  the  best  method  of  practice  for 
rapid  development  of  accurate  adjustment  of  the  muscles.  Long  practice 
at  wTiting,  drawing,  etc.,  seems  to  be  time  and  energy  wasted.  Not  only 
are  inattentive  habits  cultivated,  but  every  wrong  adjustment  gains  a 
place  in  the  chain  of  subconscious  memories,  and  therefore  delays  the 
development  of  the  control  over  the  muscles  for  accurate  adjustments. 

III.   Del  \'lopment  of  control  over  untrained  muscles  and  less  adaptable  joints. 
This  experiment  consisted  in  tapping  continuously  with  the  large  toe 
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until  it  was  completely  fatigued.  The  make  and  break  contacts  of  an 
electric  key  were  connected  with  markers  so  that  each  movement  of  the 
key  was  recorded  on  the  smoked  surface  of  a  revolving  drum.  In  this 
way  each  phase  of  the  toe's  movement  could  be  measured ;  the  phases 
were  four,  namely,  the  downward  movement,  the  downward  rest,  the 
upward  movement  and  the  upward  rest. 

The  average  tap -time  of  the  subject  studied  was  on  the  first  day  436*  ; 
this  very  regularly  decreased  until  at  the  close  of  the  practice  it  was  2 1 2<' . 
Likewise,  the  probable  error  decreased  from  103^  to  35'' .  Moreover, 
the  upward  rest  was  longer  in  the  first  part  of  the  practice  than  the  other 
three  phases  combined  ;  but  at  the  close  of  the  series,  it  was  the  same  as 
the  downward  rest,  thus  showing  that  the  greatest  gains  in  voluntary  ac- 
tivity are  those  resulting  from  the  practice  of  the  weakest  and  less  exer- 
cised muscles. 

IV.   Estimation  of  time. 

After  a  number  of  preliminary  tests,  the  intervals,  82^,  100- ,  and 
164^  were  chosen.  The  practice  lasted  from  8  to  16  days  on  seven 
subjects. 

The  results  justify  the  following  conclusions:  (i)  The  estimate  of  a 
given  interval  varies  for  different  individuals  both  with  and  without 
practice.  (2)  Practice  on  the  same  interval  may  cause  the  variations 
from  the  given  interval  to  increase  with  one  person  and  decrease  with 
another.  (3)  Time  estimate  is  a  personal  factor  depending  upon  (a)  the 
nature  of  the  person,  whether  of  an  impulsive  or  quiet  temperament,  and 
(b)  upon  the  point  of  the  fixation  of  the  attention,  whether  to  the  sen- 
sory or  the  motor  side.  (4)  There  is  no  **  indifference  point  *'  from^^ 
which  the  subject  does  not  vary  with  long  continued  practice.  The 
changes  that  practice  produces  in  the  estimation  of  time  are  probably 
due  to  fixing  the  attention  on  the  movement  to  be  performed,  in  which 
case  the  estimate  is  shortened  in  accordance  with  the  growth  of  auto- 
matic control,  or  to  the  sensory  side  in  which  case  the  time-estimate  is 
made  longer  by  practice. 

V.   Regulated  rhythmical  action. 

In  arranging  apparatus  for  this  experiment  the  probable  error  was 
found  for  the  Edison  phonograph  to  range  from  0.2%  to  0.7%;  for 
the  LuDwiG  kymograph  by  Baltzar,  from  0.2%  to  2%  ;  for  a  drum 
run  by  an  Edison  motor  driven  by  carefully  tended  Edison-Lalande 
batteries,  for  o.  i  %  to  3%.  The  Pfeil  marker  was  found  at  a  break  of  the 
circuit  to  have  a  latent  time  ranging  from  i.i"  ^  0.09*'  with  the  magnet 
cores  distant  from  the  armature  to  14.7*^  dti  0.03*^  with  the  cores  close  to 
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the  aTmatiire.  At  a  make  the  latent  time  ranged  from  i.S'' it  o.i''  to 
1.3*^  ±  0.5^ .  With  this  marker  the  make  is  nearly  as  good  as  the  break 
except  for  its  slightly  greater  irregularity.  The  Deprez  marker  from 
Verdin  showed  a  latent  time  at  the  break  of  3.8"  ifc  0.07*'  and  of  2.5*^ 
±0.64*^  at  the  make.  Changes  in  the  adjusting  spring  did  not  make 
any  great  changes  in  the  figures.  The  probable  error  of  the  spark 
records  was  found  to  be  db  0.25"""  independent  of  the  speed  of  the  drum. 
In  beating  time  in  unison  with  a  sounder  click  each  subject  had  his 
own  constant  error  ;  this  was  generally  negative,  that  is,  the  subjects 
generally  beat  time  before  the  click  occurred.  With  practice  the  con- 
stant error  tended  steadily  to  decrease,  to  become  positive  and  to  increase 
positively.     The  irregularity  steadily  decreased. 

VI.   Free  rhythmical  action. 

The  seven  subjects  were  required  to  beat  time  without  any  objective 
signal.  The  interval  chosen  at  the  start  was  unintentionally  shortened 
with  the  progress  of  the  experiment ;  it  was  also  shortened  from  day  to 
day.     The  irregularity  decreased  in  like  manner. 


NOTES. 

The  regular  courses  of  the  laboratory  for  the  year  1898-99  were  as 
follows  : 

1.  Physiological  and  experimental psycholo):^}'.  Two  lectures  per  week  throughout  the 
year.  Text-books  :  Ladd's  Outlines  of  I*hysiological  Psychology,  Sciiptuke's  New 
Psychology.     65  seniors  an<I  juniors,  lo  graduates. 

2.  E'ementary  laboratory  course.  <  )ne  exercise  a  week  throughout  the  year.  All  stu- 
dents work  simultaneously  at  the  same  exercise,  each  step  being  supervised  by  the  in- 
structor before  the  next  is  taken.  The  course  is  designed  to  afford  a  training  similar  to 
that  of  an  elementary  course  in  chemistry  or  physiology.  For  the  section  on  sight  San- 
ford's  Laboratory  Course  is  used  as  a  text-lxx)k.     14  seniors  and  juniors,  7  graduates. 

3.  Intermediate  laboratory  course.  A  series  of  28  weekly  exercises  in  psychological 
measurements.  The  students  work  in  pairs  at  the  exercises  in  rotation.  Each  exercise 
occupies  two  or  three  hours.  The  students  learn  the  methods  of  measurement  and  com- 
putation and  the  use  of  various  instruments  such  as  the  chronoscope,  recording  drum,  etc. 
Text-l)ook  :  Scripture's  Klenuntary  course  in  psychological  measuremeftts^  Stud.  Yale 
Psych.  Lab.,  1896  IV  89-139.     7  seniors  and  juniors,  3  graduates. 

4.  Advanced  laboratory  course.     Lectures  and  advanced  exercises  in  the  application  of 
elementary  mathematics  in  psychological  problems.     Text-books:  Fisher's  Intinitesmal 
Calculus,  Holman's  Precision  of  Measurements,  Weinstein's  Physikalische  Maassbe- 
stimungen  (part  of  Vol.  I).     4  graduates. 

5.  Technical  course.  This  consists  of  a  series  of  exercises  for  those  who  expect  to  teach 
experimental  psychology  and  to  manage  a  laboratory.  The  instruction  covers  :  the  prin- 
ciples involved  in  making,  repairing  and  caring  for  apparatus,  with  practical  training  in 
woo<l  and  metal  work  ;  the  metho<ls  of  experimental  demonstration,  with  practice  in  the 
preparation  of  lantern  slides  and  the  use  of  lime-light  and  electric  lanterns ;  the  princi- 
ples of  laboratory  economy,  etc.  The  workshop  practice  is  cared  for  by  a  special  in- 
structor. The  student  is  expected  to  make  several  pieces  of  apparatus  involving  the 
use  of  the  screw  cutting  lathe  and  the  various  small  tools.  lie  is  urged  to  become  suf- 
ficiently familiar  with  apparatus  and  lantern  work  to  successfully  give  an  illustrated  lec- 
ture ;  practice  lectures  are  held  and  subjected  to  criticism.  The  director  gives  special 
attention  to  fitting  the  men  in  this  course  for  college  positions,     5  graduates. 

6.  Research'Work  in  psychology.  Participants  in  this  course  are  either  investigators 
or  assistants.  For  assistants  the  object  is  such  a  training  in  accurate  introspection,  obser- 
vation, experimenting  and  the  art  of  research  as  is  desirable  for  the  general  psychologist. 
This  work  is  open  to  all.  Only  those  who  have  had  sufficient  experience  are  p)ermitted 
to  undertake  independent  investigations.  The  result  of  all  investigations  belong  to  the 
archives  of  the  laboratory.  Those  who  undertake  investigations  thereby  agree  to  prepare 
the  results  for  publication,  subject  to  approval,  in  the  Studies  from  the  Yale  Psycholog- 
ical Laboratory.     6  graduates  (independent  investigators). 

7.  Applied  psychology.  One  hour  per  week  throughout  the  year.  Application  of 
modern  psychological  principles  to  educational  subjects ;  outlines  of  the  psycholc^jy  of 
touch,  its  use  in  education ;  motor  abilities,  accuracy  of  movement,  fundamental  princi- 
ples of  writing  and  drawing ;    sight,    color-teaching  ;  space,    form -teaching,  drawing, 
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modeling ;  attention,  concentration  and  distraction,  laws  for  developing  attention  ; 
memory,  analysis  into  its  components,  experimental  study  of,  develment  and  training, 
systems  of  mnemonics,  lime  of  study ;  imagination,  use,  necessity  of  development  and 
repression  ;  emotions,  will ;  action,  reflex,  automatic,  instinctive,  voluntary,  their  train- 
ing ;  education  of  the  blind,  the  deaf  and  other  defectives ;  principles  of  anthropometry 
and  psychometry  applied  to  study  of  scholars  ;  psychological  development,  beginnings  of 
instruction ;  economy  in  education,  greatest  results  from  least  efforts,  correlation  and 
concentration  of  instruction.  The  course  is  illustrated  with  experiments,  lantern  views, 
and  a  large  collection  of  educational  material  from  Europe  and  America.  24  seniors 
and  juniors,  9  graduates. 

Some  experiments  by  Wedensky,  Contribution  a  P  ttude  de  P  iner- 
vation  centraU^  III.  internationaler  Congress  fiir  Psychology,  appear  to 
have  a  bearing  on  the  explanation  of  the  work  on  cross-education  that  is 
being  carried  on  at  Yale.  Professor  Wedensky  experimented  on  the  cor- 
tical motor  centers  for  the  anterior  limbs  of  the  dog  and  the  cat  with  the 
result  that  the  state  of  excitation  of  one  center  played  an  important  role 
in  the  modification  produced  by  stimulation  of  the  symmetrical  center. 

The  date  of  Fechner's  paper  should  be  given  on  page  6  as  1858  in- 
stead of  1758. 
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RESEARCHES  IN  EXPERIMENTAL  PHONETICS 

{First  Series) 

BY 

E.  W.  Scripture. 

The  science  of  speech  is  at  the  present  moment  passing  into  the  phase 
of  experiment.  For  many  years  experiments  have  been  made  on  the 
vowel  sounds  and  on  similar  topics  from  a  physical  pK)int  of  view,  but  it 
is  only  recently  that  the  attempt  has  been  made  to  arrange  systematic 
work  exclusively  for  the  purposes  of  a  science  of  speech  itself. 

The  present  study,  begun  in  October,  1897,  gives  the  account  of  some 
of  the  results  already  obtained  (to  the  end  of  1899)  in  the  system  of  re- 
searches now  in  progress  in  the  Psychological  Laboratory  of  Yale  Uni- 
versity. The  scope  of  these  researches  is  far  wider  than  the  topics  con- 
sidered in  this  first  report.  *  *  Experimental  phonetics '  *  would  include 
the  material  of  the  present  study  but  such  a  term  would  need  to  be  ex- 
tended beyond  its  present  significance  to  include  all  the  work  now  in 
progress  here.  I  believe,  however,  that  there  will  be  no  objection  to 
using  the  name  '*  experimental  phonetics  "  for  a  science  of  speech  in  all 
its  forms  as  a  matter  of  expression.  This  would  include  not  only  speech 
sounds  as  material  for  language,  but  also  their  changes  resulting  from 
different  mental  conditions  such  as  fatigue,  emotion  and  the  like  ;  it 
would  also  include  the  study  of  rhythm  in  speech  with  its  application 
in  poetry  and  music. 

The  present  investigation  owes  its  immediate  origin  to  suggestions  from 
and  discussions  with  Prof.  T.  D.  Goodell  (Greek)  and  Prof.  Hanns 
Oertel  (Comparative  Philology).  The  question  was  raised  concerning 
the  possibility  of  using  laboratory  methods  to  settle  the  controversy  in 
regard  to  the  quantitative  character  of  English  verse.  It  was  finally  de- 
cided to  study  some  records  of  English  poetry  made  for  one  of  the  talk- 
ing machines.  After  various  trials  it  was  found  possible  to  obtain  speech 
records  in  such  a  way  that  they  could  be  measured. 

It  quickly  became  apparent  that  work  on  this  problem  required  pre- 
liminary work  on  the  elementary  sounds  of  language.  This  work  led  to  so 
many  novelties  and  showed  so  clearly  the  need  of  revising  many  of  our 
concepts  of  the  nature  of  speech  that  the  original  problem  was  postponed 
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The  phonograph  has  been  used  to  receive  records  which  have  after- 
wards been  studied. 

The  methods  of  studying  phonograph  records  are  of  two  kinds. 
Direct  enlargement  and  measurement  by  means  of  the  microscope  is  the 
method  followed  by  Boeke.^  Enlargement  by  means  of  amplifying 
levers,  recording  directly  on  a  smoked  cylinder  is  the  method  used  by 
a  series  of  observers.'  Phonograph  records  have  been  studied  to  a  con- 
siderable extent.' 

Enlargement  by  means  of  levers  recording  on  photographic  paper  by 
means  of  a  beam  of  light  is  the  method  developed  by  Hermann.*  The 
Yale  laboratory  is  equipped  for  this  method  also. 

>  BOEKE,  Medfdeeling  otntrent  ondenoekingen  van  klinkerindruskeU  op  de  itni^rolUn 
van  Edison^  s  verbeterden  fonograaf^  Dc  natuur,  1 890,  July. 

BoEKE,  Mikroskopische  Phonogramnistudieny  Arch.  f.  d.  gcs.  Physiol.  (PflCiger), 
1891  L  297. 

Meyer,  Zur  Tonbewfgung  des  Vokals  im  gesproch,  u.  im  gesung.  Einuhuort,  Phonet. 
Studien,  1897  X  I  (Neucre  Sprachen,  IV). 

«  Mayer,  Edison's  talking  machine^  Nature,  1878  XVII  469. 

FiCK,  Zur  Phonographiky  Beitr^e  zur  Physiologie  LUDWIG  gewidmet,  23,  Leipzig 
1887. 

Jenkin  and  Ewing,  The  phonograph  and  vowel  theories^  Nature,  1878  XVIII  167, 

340.  394. 

JhNKiN  AND  EwxNG,  On  the  harmonic  analysis  0/ certain  vffiuel  sounds,  Trans.  Roy. 

Soc.  Edinb.,  1878  XXVIII  745. 

Kluender,  Leber  d.  Genauigkeit  der  Stimme^  Arch.  f.  d.  ges.  Physiol.  (PflUger), 
1879  I  119. 

Lahr,  Die  Grassmanpt* sche  Vokaltheorie  im  Lichte  des  Experiments ^  Diss.,  Jena 
1885  ;  also  in  Ann.  d.  Phys.u.  Chem.,  1886  XXVII  94. 

M'Kendrick,  On  the  tone  and  curves  of  tfu phonograph.  Jour.  Anat.  and  Physiol., 
1896  XXIX  583. 

M'Kendrick,  Murray  and  Wingate,  Committee  report  on  the physiol,  application  of 
the  phonograph  and  on  the  form  of  the  voice  curves  by  the  instrument,  Rept.   Brit.   Ass. 
Adv.  Sci.,  1896669. 

Wagner,  Ueber  d.  Venvendung  d.  Gruetzner-Maref  schen  Apparats  u.  d.  Phono- 
graphen  zur phonctischen  Untersuchungen,  Phonet.  Studien,  1890  IV  68. 

*  Marichelle,  La  parole  d'apr«is  le  trac6  du  phonographe,  Paris  1897. 
Gelle,  L' audition,  Paris  1897. 

Marage,  Les phonographes  et  Fitude  des  voyclles,  Anne6  psychol.,  1898  V  226. 

*  Hermann,  PhonophotographiscJie  Untersuchungen,  I.,  Arch.  f.  d.  ges.  Phy^ioL 
(PflUger),  1889  XLV  582. 

Hermann,  Ueber  d.  Verhalten  d,  Vokale  am  ncucn  Edison' sc hen  Phonographen, 
Arch.  f.  d.  ges.  Physiol.  (PflUger),  1890  XLVII  42. 

Hermann,  Phonophotographische  Untersuchungen,  II.,  Arch.  f.  d.  ges.  PhysioL 
(PflUger),  1890  XLVII  44. 

Hermann,  Phonophotographische  Untersuchungcn,  III.,  Arch.  f.  d.  ges.  PhysioL 
(PflUger),  1890  XLVII  347. 
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Another  of  the  talking  machines  is  the  gramophone.  This  is  a  devel- 
opment of  the  recording  idea  contained  in  Scott's  phonautograph  in 
combination  with  the  idea  of  reproducing  the  sound  in  a  special  manner. 
The  inventor  of  the  method  is  Mr.  Emil  Berliner,  of  Washington,  D.  C. 
The  United  States  patents  covering  the  apparatus  and  processes  are  as 
follows:  Gramophone,  No.  372,786,  Nov.  8,  1887;  Process  of  pro- 
ducing records  of  sound.  No.  382,790,  May  15,  1888;  Gramophone, 
No.  534,543,  Feb.  19,  1895  ;  Sound-record  and  method  of  making  same. 
No.  548,623,  Oct.  29,  1895 ;  Gramophone,  No.  564,586,  July  28,  1896. 
These  patents  can  be  readily  found  in  the  annual  reports  published  by  the 
United  States  Patent  Office. 

The  researches  to  be  now  reported  have  been  made  with  the  aid  of 
the  gramophone ;  an  acquaintance  with  the  principles  involved  in  the 
production  of  the  gramophone  records  is  necessary  to  the  proper  under- 
standing of  the  results  obtained. 

I.    Making  gramophone  plates. 

For  convenience  the  apparatus  may  be  divided  into  two  sections,  the 
recorder  and  the  impression  disc. 

The  recorder  with  which  I  am  acquainted  is  that  described  in  the  Letters 
Patent  No.  564,586;  it  is  shown  in  Fig.  i.  The  recorder  comprises  a 
thin  glass  diaphragm  held  in  a  frame,  Fig.  2.  This  frame  opens  on 
one  side  into  a  speaking  tube.  It  is  cut  away  on  the  other  side  to  afford 
connection  with  the  recording  stylus.  From  the  center  of  the  diaphragm 
a  metal  post  rises,  whose  free  end  has  an  axial  slot  into  which  a  piece  of 
soft  rubber  tube  is  forced  and  flattened.  The  free  end  of  the  tube  receives 
the  metal  stylus,  which  extends  outward  radially  and  ends  in  a  flat,  sharp, 
flexible  point.  Near  the  middle  of  the  stylus  a  hole  is  bored  and  a  pin 
formed  at  one  end  of  a  metal  block  passes  through  the  hole  and  into  the 
central  bore  of  a  similar  block.  Between  each  block  and  the  stylus  there 
is  a  soft  rubber  washer.  The  blocks  are  made  to  clamp  the  stylus  by  means 
of  the  pointed  screws  passing  through  the  support  and  serving  as  pivots. 


Hermann,  Bemerkungen  zur  Vokal/rage,  Arch.  f.  d.  ges.  Fbysiol.  (PflUger),  1890 
XLVIII  181,  543. 

Herman.n,  Phonophotographische  Untersuchungen^  IV,^  Untersuchungen  nMtels  des 
tieui-n  Edison' schen  Fhofu^aph^n,  Arch.  f.  d.  ges.  Physiol.  (Pflilger),  1893  LIII  i. 

Hermann  und  Matthias,  Phonophotographische  Mittheilungeny  V.,  Die  Curven  d. 
Consonanten,  Arch.  f.  d.  ges.  Physiol.  (Pflilger),  1894  LVIII  255. 

Hermann,  Phonophotographische  Untersuchungen,  VI.,  Nachtrag  zur  Untersuchung 
der  I'ocalcurven,  Arch.  f.  d".  ges.  Physiol.  (Pfldger),  1894  LVIII  264. 

Hermann,  IVeitere  Untersuchungen  H.  d,  IVesen  d.  Vocale,  Arch.  f.  d.  ges.  Physiol. 
(PnUger),  1895  LXI  1 69. 
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These  pivots  form  the  fulcnim  of  the  stylus.  The  stylus  is  (Jampened  by 
a"piece  of  soft  rubber  inserted  between  it  and  the  tneUl  cover  of  the 
sound  box. 


The  soucd  waves  coming  down  the  speaking  tube  set  the  diaphragm 
in  motion ;  this  diaphragm  moves  one  arm  of  the  stylus  and  the  point  at 
the  end  of  the  other  arm  repeats  this  movement. 


The  impression  disc  is  prepared  by  two  methods.  I  shall  describe  first 
the  method  with  which  I  am  acquainted  and  then  a  later  method  which 
seems  of  special  interest. 
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In  the  former  method  (Patent  No.  382,790)  a  highly  burnished  zinc 
disc  iS'"  in  diameter  is  flowed  with  a  saturated  solution  of  wax  in 
benzine ;  the  fllm  of  wax  thus  deposited  is  so  thin  that  the  touch  of  a 
camel's  hair  brush  marks  it  perceptibly. 

The  prepared  disc  is  placed  on  a  revolving  plate  so  that  its  surface  is 
touched  by  the  point  of  the  recording  stylus  (Patent  No.  534,543). 
As  the  plate  revolves  the  recorder  is  made  to  travel  toward  the  center ; 
thus  its  point  cuts  a  spiral  groove  through  the  wax.  The  vibrations  of 
the  point  make  deflections  in  this  groove.  These  deflections  are  in  the 
plane  of  the  surface  of  the  plate  and  not  dug  into  it  as  in  the  case  of  the 
phonograph. 

The  record  disc  is  then  placed  in  an  etching  bath  similar  to  that  used 
by  photo -engravers  (Patent  No.  548,623).  The  part  of  the  zinc  from 
which  the  wax  has  been  removed  by  the  stylus  is  attacked  by  the  acid 
and  a  permanent  groove  is  made.  A  copper  matrix  is  then  made  from 
this  by  electrolysis.  The  matrix  contains  the  sound-line  in  relief. 
After  the  matrix  has  been  protected  by  a  layer  of  nickel,  unvulcanized 
rubber  is  pressed  into  it.  The  rubber  is  then  vulcanized  in  place.  When 
removed  from  the  matrix  the  rubber  plate  is  a  true  copy  of  the  original  disc. 


The  later  method  of  making  record  discs  I  know  only  from  a  Study  of 
the  Letters  Patent,  No.  564.586.  I  judge,  however,  that  it  is  a  better 
method  and  I  believe  that  it  may  be  of  easy  application  in  the  direct 
study  of  records  by  the  microscope. 

In  this  method  a  glass  plate  is  clamped  on  an  axis  by  which  it  can  be 
rotated.     The  under-sur&ce  of  the  disc  is  carefiilly  polished  and  dried 
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and  is  then  covered  with  a  thin  film  of  linseed  oil  by  means  of  a  earners 
hair  brush.  A  smoky  flame  then  held  under  the  plate  deposits  a  fine 
layer  of  lamp-black,  thus  forming  an  amorphous  ink  which  covers  the 
glass  in  an  even,  exceedingly  thin  layer.  This  coating  of  ink  docs  not 
flow  spontaneously  and  requires  only  a  minute  force  to  trace  a  line  in  it. 
The  sound  line  is  drawn  by  the  point  of  the  recording  stylus  in  a  manner 
similar  to  that  just  described.  Copies  of  the  disc  are  made  by  placing 
it  over  a  sensitized  photographic  plate  and  proceeding  by  photo-engraving, 
fo  reproduce  the  sound  the  rubber  disc  is  placed  on  a  plate  which  can 
be  rotated  by  some  motor  power.  A  reproducing  sound  box  is  so  ar- 
ranged that  the  point  of  its  stylus  travels  in  the  sound-groove.  The 
deviations  in  the  sound  groove  move  the  point  of  the  stylus  whereby  a 
glass  diaphragm  is  made  to  reproduce  the  sound  waves.  The  reproduc- 
ing sound  box  differs  from  the  recording  sound  box  chiefly  in  having  a 
stiff  round  steel  point  at  the  end  of  the  stylus  instead  of  a  cutting  point, 
as  shown  in  Fig.  3. 

2.    Transcribing  gramophone  records. 

The  speed  at  which  the  plate  travels  in  the  record-making  machine  is 
about  70  revolutions  a  minute.  This  stretches  out  the  curves  for  the 
speech  sounds  so  that  the  variations  in  amplitude  are  visible  through  the 
microscope  only  in  the  case  of  musical  sounds  and  vowels.  The  method 
of  direct  reading  by  the  microscope  is  therefore  not  available.  The 
record  must  be  transcribed  in  such  a  way  that  the  relation  between  length 
and  height,  that  is  between  time  and  amplitude,  shall  be  changed.  In 
the  method  about  to  be  used  the  height  was  enlarged  while  the  length 
was  decreased. 

In  the  transcribing  apparatus  (Fig.  4  )  the  gramophone  plate  was  put 
on  a  metal  disc  E  similar  to  that  of  the  original  record-making  machine. 
This  disc  was  rotated  at  a  speed  of  o.  i  revolution  a  minute  by  a  system 
of  spur  and  bevel  gears.  The  particular  system  used  was  adopted  after 
long  experimenting  ;  as  it  may  be  of  use  to  others  it  may  be  profitable  to 
briefly  describe  it. 

A  small  I  lo-volt  Edison  motor  A  was  connected  with  the  electric  mains 
through  an  appropriate  resistance.  A  convenient  and  cheap  form  of  re- 
sistance L  was  found  in  the  so-called  reduction  sockets  for  16  c.  p.  lamps. 
These  contain  fine  resistance  wire  wound  on  asbestos,  which  can  be  placed 
in  circuit  with  the  lamp  to  any  desired  extent,  thereby  reducing  the  cur- 
rent passing  through  it.  An  a[)propriate  plug  carrying  the  motor  wires 
was  placed  in  one  of  these  sockets ;  this  socket  was  connected  to  another 
plug  which  was  placed  in  another  reduction  socket ;  this  finally  was  con- 
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nected  to  a  plug  placed  in  a  socket  on  the  main  line.  By  moving  the 
knobs  on  the  reduction  sockets  the  speed  of  the  motor  could  be  reduced 
as  desired.  Finally  the  current  was  passed  through  a  4  c.  p.  lamp  as  a 
permanent  resistance  of  800  ohras.  In  making  the  present  records  the 
motor  was  adjusted  to  about  800  revolutions  a  minute. 


Yv..  4. 


A  miter  gear  u  on  the  axle  of  the  motor  fitted  into  another  miter  gear  on 
the  first  axle  of  the  reducing  machine  B.  The  first  axle  of  the  reducing 
machine  thus  revolved  at  800  revolutions  per  minute.  (For  still  finer 
work  it  has  been  found  convenient  to  use  a  worm  on  the  motor  axle  and 
.1  worm  gear  on  the  first  reducing  axle ;  for  a  worm  gear  of  n  teeth  the 
Sliced  of  the  first  axle  is  i/n  that  of  the  motor.)  The  second  axle  carried 
a  large  spur  gear  with  160  teeth  which  fitted  into  small  spur  gear  with  16 
teeth  on  the  first  axle;  thus  the  second  axle  made  80  revolutions  per 
minute.     In  a  similar  way  gear-transmission  to  a  third  axle  reduced  the 
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speed  to  8  revolutions,  and  transmission  to  a  fourth  axle  reduced  it  to  0.8 
of  a  revolution.  This  fourth  axle  carried  a  spur  gear  of  20  teeth  which 
fitted  into  the  160  teeth  of  the  final  driving  machine  of  the  disc  whose 
axle  thus  made  o.  i  revolution  a  minute. 

The  axle  of  the  final  driving  mechanism  carried  on  its  further  end 
a  tube  C  with  a  longitudinal  slit  in  it.  Within  this  tube  was  a  rod  i**  in 
diameter  with  a  thread  of  96  turns  to  the  inch  on  its  surface;  it 
was  held  by  a  nut  correspondingly  threaded.  A  projection  from  the  rod 
fitted  into  the  slit  in  the  tube ;  thus  the  rod  was  forced  to  turn  with  the 
tube.  At  the  same  time  the  thread  on  its  surface  forced  it  to  move 
lengthwise  ^^  of  an  inch  for  each  revolution.  The  rod  bore  on  its  end 
a  carefully  centered  point  and  just  back  of  this  point  a  miter  gear.  The 
point  pressed  against  the  disc -carriage.  This  carriage  consisted  of  a 
bar  of  brass  running  on  a  pair  of  rails  and  carrying  the  metal  wheel  E, 
The  metal  wheel  rested  on  the  carriage  and  its  axle  projected  through  it. 
As  the  rod  traveled  forward  it  pushed  the  carriage  ahead  of  it.  At  the 
bottom  of  the  axle  there  was  a  second  miter  gear  D  bearing  against  the  first 
one  on  the  rod ;  this  turned  the  metal  wheel  in  unison  with  the  rod. 
When  a  gramophone  plate  was  clamped  on  the  wheel  with  proper  center- 
ing, it  was  turned  once  in  10  minutes  and  was  driven  forward  radially  ^|- 
of  an  inch  per  revolution.  Thus  the  speech  curve  on  a  plate  would  travel 
steadily  under  a  fixed  point  from  beginning  to  end. 

Just  above  the  disc  the  amplifying  lever  F  was  adjusted  so  that  the  soft 
steel  point  rested  in  the  sound  groove.  The  distance  from  the  fulcrum 
to  the  point  was  22"".  The  lever  possessed  side  movement  in  order 
to  transcribe  the  curve,  and  vertical  movement  in  order  to  follow  the 
changes  in  the  thickness  of  the  plate.  The  long  arm  of  the  lever  reached 
595°""  beyond  the  fulcrum.  The  extreme  part  of  it  consisted  of  a 
recording  point  of  pendulum  ribbon  il/152""  long.  This  point  traced 
the  side  movement  on  the  smoked  paper  and  also  yielded  to  the  up  and 
down  fluctuations  without  any  noticeable  effect  on  the  records.  The  am- 
plification was  approximately  27  times. 

It  was  afterwards  found  desirable  to  replace  the  simple  supporting  ad- 
justments of  the  steel  point  by  an  adjusting  standard  such  as  is  used  in 
ordinary  laboratory  work.  The  point  could  be  raised  or  lowered  by  a 
rack  and  pinion  and  adjusted  sidewise  by  a  small  screw.  The  vertical 
movement  was  convenient  for  regulating  the  pressure  of  the  recording 
points  on  the  drum ;  the  rubber  gramophone  plates  varied  in  thickness 
and  would  consequently  raise  the  point  more  at  one  side  than  the  other. 
This  variation  has  been  avoided  in  the  most  recently  made  plates. 

The  centering  of  the  gramophone  plate  was  not  an  easy  matter.      The 
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speech  curve  was  made  in  the  form  of  a  spiral  around  the  center  of  rota- 
tion in  the  original  machine ;  neither  the  edge  of  the  rubber  disc  with 
the  record  nor  the  hole  in  its  center  coincided  with  this  center.  To 
center  the  spiral  accurately  on  the  metal  plate  two  methods  could  be 
used.  The  microscope  method  proved  somewhat  the  more  convenient. 
The  metal  disc  was  moved  away  from  the  point  of  the  rod.  A  micro- 
scope or  a  large  magnifying  glass  was  fixed  so  that  it  was  focussed  on  the 
spiral  groove.  As  the  disc  was  turned  the  groove  passed  through  the 
field  of  vision.  If  the  plate  was  not  centered,  it  would  move  to  one  side 
or  the  other  during  one  half  a  revolution  ;  it  was  adjusted  by  the  fingers 
until  the  groove  did  not  appear  to  move  back  and  forth  with  every  turn, 
but  to  maintain  a  steady  side  movement  amounting  to  once  the  width  be- 
tween lines  for  one  revolution.  The  other  method  consisted  in  turning 
the  disc  with  the  recording  point  adjusted  and  noting  the  deviation  to 
one  side  for  one  half  a  revolution.  The  disc  was  then  moved  radially 
until  the  point  marked  one  half  the  deviation.  If  this  was  properly 
done,  the  point  would  show  no  deviation  as  the  disc  is  turned. 

The  steel  point  was  pressed  into  the  groove  of  the  plate  by  means  of 
the  rubber  band  on  the  thread  b  \  the  verticality  of  the  pressure  was 
assured  by  the  plumb  line  C, 

The  record  was  made  on  smoked  paper  moved  by  the  Baltzar  kymo- 
graph K  in  the  usual  way  with  side  movement  of  the  drum  by  the  driv- 
ing mechanism  G. 

There  were  such  minor  adjustments  of  recording  points,  levers,  etc. , 
as  were  requisite  for  accuracy  and  convenience.  To  avoid  jarring  through 
the  floor  the  table  was  at  a  later  date  suspended  from  the  ceiling  by  wires. 
The  jarring  of  the  motor  was  avoided  by  placing  it  on  sand.  The  slight 
variations  in  the  potential  of  the  city  current  did  not  appreciably  affect 
the  record. 

In  the  laborious  work  of  transcribing  these  records  I  was  greatly  aided 
by  Mr.  Minosuke  Yamaguchi. 

The  records  were  measured  with  a  scale  graduated  in  loths  of  a  milli- 
meter under  a  watchmaker's  eye-glass  or  under  a  magnifying  glass.  Thus 
o.  1°""  was  the  unit  of  measurement.  This  represented  an  interval  of  time 
of  0.003.}",  or  0.3^*^.  In  the  case  of  regularly  repeated  vibrations  the 
determination  could  be  made  still  finer  by  measuring  a  long  series  of  vi- 
brations. In  the  calculations  only  the  tenth  of  a  millimeter  was  used. 
The  tenths  of  a  sigma  in  the  results  may  be  out  by  one  or  two  units ; 
thus  a  series  of  vibrations  recorded  as  2.1*^,  2.i<^,  i.p*^,  1.9*^,  etc.,  would  be 
possibly  more  correctly  given  as  2.i<^,  2.0',  1.9',  1.9',  etc.  These  steps 
disappear  in  the  plotted  curves  of  results  which  were  drawn  smoothly  by 
aid  of  rubber  curves. 
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The  calculation  was  aided  by  Zimmermann's  Rechentafeln  and  a  table 
of  reciprocals.  Thus  millimeter  measurements  were  turned  into  periods 
of  vibration  by  using  the  table  for  35,  and  frequencies  were  found  by 
taking  the  reciprocal  of  the  period. 

The  reproductions  of  speech  curves  in  this  study  were  obtained  by  hav- 
ing the  originals  photographed,  with  an  enlargement  of  four  times,  di- 
rectly on  a  wooden  block ;  the  engraver  then  cut  the  line  with  his  tool. 
As  some  of  the  finer  details  were  necessarily  lost  in  this  way,  the  attempt 
was  made  to  get  larger  amplification  in  the  records.  Six  months  of  un- 
successful work  with  compound  levers  were  followed  by  an  attempt 
(Dec,  1899)  with  a  single  very  long  lever  of  straw  having  the  fulcrum 
close  to  one  end  and  the  recording  point  of  glass.  This  method  gives 
most  beautiful  curves  of  the  greatest  delicacy ;  they  are  as  large  as  the 
curves  shown  in  the  figures  for  ai,  etc.  below  and  can  be  reproduced  di- 
rectly by  zinc  etching.  This  method  is  being  used  for  further  researches. 
Many  other  improvements  have  also  been  lately  introduced. 

In  addition  to  the  illustrations  produced  by  photography  and  cutting 
by  the  engraver,  others  have  been  made  by  drawing  with  the  free  hand 
on  a  very  large  scale  the  curve  as  seen  through  the  magnifying  glass ;  in 
this  way  the  finer  details  could  be  brought  out  with  great  accuracy. 

II.  The  diphthong  ai  found  in  the  words  /,  eye,  ///>,  Jfy,  thy. 

The  words  first  studied  in  the  present  case  are  those  of  William  F. 
HooLV,  a  trained  speaker,  reciting  the  nursery -rhyme  entitled  **  The 
Sad  Story  of  the  Death  and  the  Burial  of  Poor  Cock  Robin. ' '  The  record 
is  contained  on  the  plate  numbered  6015  made  by  the  National  Gramo- 
phone Company  of  New  York.  As  it  is  impossible  to  get  any  definite 
idea  of  how  the  words  actually  sound  except  by  putting  the  plate  in  the 
gramophone,  I  will  try  to  indicate  some  of  the  characteristics  of  the  words 
heard. 

Mr.  Hoolv  speaks  in  what  appears  to  be  the  normal  American  accent 
in  the  neighborhood  of  New  York  except  in  two  respects :  i.  he  makes 
an  unusual  effort  at  distinctness  ;  2.  he  recites  in  the  manner  frequently 
adopted  by  adults  in  speaking  to  children — a  manner  that  I  am  able  to 
characterize  only  as  having  an  excess  of  expressiveness  and  melodiousness. 

The  record  on  the  gramophone  plate,  as  far  as  it  has  been  traced  off, 
reads  as  follows : 

Now,  children,  draw  your  little  chairs  nearer  so  that  you  can  see  the  pretty 
pictures  and  Uncle  Will  will  read  to  you  the  sad  story  of  the  death  and  the 
burial  of  poor  Cock  Robin. 
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Who  killed  Cock  Robin  ? 

I,  said  the  sparrow, 

With  my  bow  and  arrow. 
I  killed  Cock  Robin. 

Who  saw  him  die  ? 

I,  said  the  fly, 

With  my  little  eye 
I  saw  him  die. 

Who  caught  his  blood  ? 

I,  said  the  fish, 

With  my  little  dish 
I  caught  his  blood. 

Who*  11  make  his  shroud  ? 

I,  said  the  beetle, 

With  my  thread  and  needle 
I'll  make  his  shroud. 

Who'll  be  the  parson  ? 

I,  said  the  rook, 

With  my  little  book 
I'll  be  the  parson. 

Who'll  dig  his  grave  ? 

I,  said  the  owl, 

With  my  spade  and  trowel 
I'll  dig  his  grave. 

Who'll  carry  the  link? 

I,  said  the  linnet, 

I'll  fetch  it  in  a  minute. 
I'll  carry  the  link. 

To  extend  the  treatment  to  prose  some  cases  of  /  were  studied  in  an- 
other record  by  Mr.  William  F.  Hooley,  entitled  **  Gladstone's  Advice 
on  Self- Help  and  Thrift/'  being  record  number  6014  of  the  gramophone 
series.     The  speech  runs  as  follows  : 

"  Ladies  and  gentlemen,  the  purpose  of  the  meeting  on  the  14th  instant 
may,  I  can  say,  be  summed  up  in  a  very  few  words :  self-help.and  thrift." 

Two  examples  of  this  diphthong  were  also  studied  in  the  word  thy,  as 
it  appears  in  record  number  668  Z  (name  of  speaker  not  given),  which 
runs  as  follows : 

Our  Father,  which  art  in  Heaven  ;  hallowed  be  Thy  name,  Thy  kingdom 
come  .   .   . 

In  order  to  get  some  idea  of  the  relation  between  the  character  of  the 
vibrations  and  the  mental  character  of  the  word  I  have  recorded  judgments 
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The  calculation  was  aided  by  Zimmermann's  Rechentafeln  and  a  table 
of  reciprocals.  Thus  millimeter  measurements  were  turned  into  periods 
of  vibration  by  using  the  table  for  35,  and  frequencies  were  found  hj 
taking  the  reciprocal  of  the  period. 

The  reproductions  of  speech  curves  in  this  study  were  obtained  by  hav- 
ing the  originals  photographed,  with  an  enlargement  of  four  times,  di- 
rectly on  a  wooden  block ;  the  engraver  then  cut  the  line  with  his  tool. 
As  some  of  the  finer  details  were  necessarily  lost  in  this  way,  the  attempt 
was  made  to  get  larger  amplification  in  the  records.  Six  months  of  un- 
successful work  with  compound  levers  were  followed  by  an  attempt 
(Dec,  1899)  with  a  single  very  long  lever  of  straw  having  the  fulcrum 
close  to  one  end  and  the  recording  point  of  glass.  This  method  gives 
most  beautiful  curves  of  the  greatest  delicacy ;  they  are  as  large  as  the 
curves  shown  in  the  figures  for  at\  etc.  below  and  can  be  reproduced  di- 
rectly by  zinc  etching.  This  method  is  being  used  for  further  researches. 
Many  other  improvements  have  also  been  lately  introduced. 

In  addition  to  the  illustrations  produced  by  photography  and  cutting 
by  the  engraver,  others  have  been  made  by  drawing  with  the  free  hand 
on  a  very  large  scale  the  curve  as  seen  through  the  magnifying  glass ;  in 
this  way  the  finer  details  could  be  brought  out  with  great  accuracy. 

II.  The  diphthong  ai  found  in  the  words  /,  eye,  die^  fly,  thy. 

The  words  first  studied  in  the  present  case  are  those  of  William  F. 
HooLv,  a  trained  speaker,  reciting  the  nursery -rhyme  entitled  **  The 
Sad  Story  of  the  Death  and  the  Burial  of  Poor  Cock  Robin. '  *  The  record 
is  contained  on  the  plate  numbered  6015  made  by  the  National  Gramo- 
phone Company  of  New  York.  As  it  is  impossible  to  get  any  definite 
idea  of  how  the  words  actually  sound  except  by  putting  the  plate  in  the 
gramophone,  I  will  try  to  indicate  some  of  the  characteristics  of  the  words 
heard. 

Mr.  Hoolv  speaks  in  what  appears  to  be  the  normal  American  accent 
in  the  neighborhood  of  New  York  except  in  two  respects :  i.  he  makes 
an  unusual  effort  at  distinctness  ;  2.  he  recites  in  the  manner  frequently 
adopted  by  adults  in  speaking  to  children — a  manner  that  I  am  able  to 
characterize  only  as  having  an  excess  of  expressiveness  and  melodiousness. 

The  record  on  the  gramophone  plate,  as  far  as  it  has  been  traced  off, 
reads  as  follows : 

Now,  children,  draw  your  little  chairs  nearer  so  that  you  can  see  the  pretty 
pictures  and  Uncle  Will  will  read  to  you  the  sad  story  of  the  death  and  the 
burial  of  poor  Cock  Robin. 
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Who  killed  Cock  Robin  ? 

I,  said  the  sparrow, 

With  my  bow  and  arrow. 
I  killed  Cock  Robin. 

Who  saw  him  die  ? 

I,  said  the  fly, 

With  my  little  eye 
I  saw  him  die. 

Who  caught  his  blood  ? 

I,  said  the  fish, 

With  my  little  dish 
I  caught  his  blood. 

Who'll  make  his  shroud  ? 

I,  said  the  beetle, 

With  my  thread  and  needle 
I'll  make  his  shroud. 

Who'll  be  the  parson  ? 

I,  said  the  rook, 

With  my  little  book 
I'll  be  the  parson. 

Who'll  dig  his  grave  ? 

I,  said  the  owl, 

With  my  spade  and  trowel 
I'll  dig  his  grave. 

Who'll  carry  the  link? 

I,  said  the  linnet, 

I'll  fetch  it  in  a  minute. 
I'll  carry  the  link. 

To  extend  the  treatment  to  prose  some  cases  of  /  were  studied  in  an- 
other record  by  Mr.  William  F.  Hooley,  entitled  "Gladstone's  Advice 
on  Self- Help  and  Thrift/'  being  record  number  6014  of  the  gramophone 
series.     The  speech  runs  as  follows  : 

"  Ladies  and  gentlemen,  the  purpose  of  the  meeting  on  the  14th  instant 
may,  I  can  say,  be  summed  up  in  a  very  few  words  :  self-help.and  thrift." 

Two  examples  of  this  diphthong  were  also  studied  in  the  word  thy,  as 
it  appears  in  record  number  668  Z  (name  of  speaker  not  given),  which 
runs  as  follows : 

Our  Father,  which  art  in  Heaven  ;  hallowed  be  Thy  name,  Thy  kingdom 
come  .   .   . 

In  order  to  get  some  idea  of  the  relation  between  the  character  of  the 
vibrations  and  the  mental  character  of  the  word  I  have  recorded  judgments 
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The  calculation  was  aided  by  Zimmermann's  Rechentafeln  and  a  table 
of  reciprocals.  Thus  millimeter  measurements  were  turned  into  periods 
of  vibration  by  using  the  table  for  35,  and  frequencies  were  found  by 
taking  the  reciprocal  of  the  period. 

The  reproductions  of  speech  curves  in  this  study  were  obtained  by  hav- 
ing the  originals  photographed,  with  an  enlargement  of  four  times,  di- 
rectly on  a  wooden  block ;  the  engraver  then  cut  the  line  with  his  tool. 
As  some  of  the  finer  details  were  necessarily  lost  in  this  way,  the  attempt 
was  made  to  get  larger  amplification  in  the  records.  Six  months  of  un- 
successful work  with  compound  levers  were  followed  by  an  attempt 
(Dec.,  1899)  with  a  single  very  long  lever  of  straw  having  the  fulcrum 
close  to  one  end  and  the  recording  point  of  glass.  This  method  gives 
most  beautiful  curves  of  the  greatest  delicacy ;  they  are  as  large  as  the 
curves  shown  in  the  figures  for  at\  etc.  below  and  can  be  reproduced  di- 
rectly by  zinc  etching.  This  method  is  being  used  for  further  researches. 
Many  other  improvements  have  also  been  lately  introduced. 

In  addition  to  the  illustrations  produced  by  photography  and  cutting 
by  the  engraver,  others  have  been  made  by  drawing  with  the  free  hand 
on  a  very  large  scale  the  curve  as  seen  through  the  magnifying  glass ;  in 
this  way  the  finer  details  could  be  brought  out  with  great  accuracy. 

II.  The  diphthong  at  found  in  the  words  /,  eye,  die^  fly,  thy. 

The  words  first  studied  in  the  present  case  are  those  of  William  F. 
HooLY,  a  trained  speaker,  reciting  the  nursery-rhyme  entitled  **  The 
Sad  Story  of  the  Death  and  the  Burial  of  Poor  Cock  Robin. '  *  The  record 
is  contained  on  the  plate  numbered  6015  made  by  the  National  Gramo- 
phone Company  of  New  York.  As  it  is  impossible  to  get  any  definite 
idea  of  how  the  words  actually  sound  except  by  putting  the  plate  in  the 
gramophone,  I  will  try  to  indicate  some  of  the  characteristics  of  the  words 
heard. 

Mr.  Hooly  speaks  in  what  appears  to  be  the  normal  American  accent 
in  the  neighborhood  of  New  York  except  in  two  respects :  i.  he  makes 
an  unusual  effort  at  distinctness  ;  2.  he  recites  in  the  manner  frequently 
adopted  by  adults  in  speaking  to  children — a  manner  that  I  am  able  to 
characterize  only  as  having  an  excess  of  expressiveness  and  melodiousness. 

The  record  on  the  gramophone  plate,  as  far  as  it  has  been  traced  off, 
reads  as  follows  : 

Now,  children,  draw  your  little  chairs  nearer  so  that  you  can  see  the  pretty 
pictures  and  Uncle  Will  will  read  to  you  the  sad  story  of  the  death  and  the 
burial  of  poor  Cock  Robin. 
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Who  killed  Cock  Robin  ? 

I,  said  the  sparrow, 

With  my  bow  and  arrow. 
I  killed  Cock  Robin. 

Who  saw  him  die  ? 

I,  said  the  fly, 

With  my  little  eye 
I  saw  him  die. 

Who  caught  his  blood  ? 

I,  said  the  fish, 

With  my  little  dish 
I  caught  his  blood. 

Who*  11  make  his  shroud  ? 

I,  said  the  beetle, 

With  my  thread  and  needle 
I'll  make  his  shroud. 

Who'll  be  the  parson  ? 

I,  said  the  rook, 

With  my  little  book 
I'll  be  the  parson. 

Who'll  dig  his  grave  ? 

I,  said  the  owl, 

With  my  spade  and  trowel 
I'll  dig  his  grave. 

Who'  11  carry  the  link  ? 

I,  said  the  linnet, 

I'll  fetch  it  in  a  minute. 
I'll  carry  the  link. 

To  extend  the  treatment  to  prose  some  cases  of  /  were  studied  in  an- 
other record  by  Mr.  William  F.  Hooley,  entitled  "Gladstone's  Advice 
on  Self- Help  and  Thrift/'  being  record  number  6014  of  the  gramophone 
series.     The  speech  runs  as  follows  : 

"  Ladies  and  gentlemen,  the  purpose  of  the  meeting  on  the  14th  instant 
may,  I  can  say,  be  summed  up  in  a  very  few  words  :  self-help, and  thrift." 

Two  examples  of  this  diphthong  were  also  studied  in  the  word  thy,  as 
it  appears  in  record  number  668  Z  (name  of  speaker  not  given),  which 
runs  as  follows : 

Our  Father,  which  art  in  Heaven  ;  hallowed  be  Thy  name,  Thy  kingdom 
come  .   .   . 

In  order  to  get  some  idea  of  the  relation  between  the  character  of  the 
vibrations  and  the  mental  character  of  the  word  I  have  recorded  judgments 
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The  calculation  was  aided  by  Zimmermann's  Rechentafeln  and  a  table 
of  reciprocals.  Thus  millimeter  measurements  were  turned  into  periods 
of  vibration  by  using  the  table  for  35,  and  frequencies  were  found  by 
taking  the  reciprocal  of  the  period. 

The  reproductions  of  speech  curves  in  this  study  were  obtained  by  hav- 
ing the  originals  photographed,  with  an  enlargement  of  four  times,  di- 
rectly on  a  wooden  block ;  the  engraver  then  cut  the  line  with  his  tool. 
As  some  of  the  finer  details  were  necessarily  lost  in  this  way,  the  attempt 
was  made  to  get  larger  amplification  in  the  records.  Six  months  of  un- 
successful work  with  compound  levers  were  followed  by  an  attempt 
(Dec,  1899)  with  a  single  very  long  lever  of  straw  having  the  fulcrum 
close  to  one  end  and  the  recording  point  of  glass.  This  method  gives 
most  beautiful  curves  of  the  greatest  delicacy ;  they  are  as  large  as  the 
curves  shown  in  the  figures  for  aiy  etc.  below  and  can  be  reproduced  di- 
rectly by  zinc  etching.  This  method  is  being  used  for  further  researches. 
Many  other  improvements  have  also  been  lately  introduced. 

In  addition  to  the  illustrations  produced  by  photography  and  cutting 
by  the  engraver,  others  have  been  made  by  drawing  with  the  free  hand 
on  a  very  large  scale  the  curve  as  seen  through  the  magnifying  glass ;  in 
this  way  the  finer  details  could  be  brought  out  with  great  accuracy. 

II.  The  diphthong  at  found  in  the  words  /,  eye,  die^  fly,  thy. 

The  words  first  studied  in  the  present  case  are  those  of  William  F. 
HooLV,  a  trained  sj)eaker,  reciting  the  nursery -rhyme  entitled  **The 
Sad  Story  of  the  Death  and  the  Burial  of  Poor  Cock  Robin.  *  *  The  record 
is  contained  on  the  plate  numbered  6015  made  by  the  National  Gramo- 
phone Company  of  New  York.  As  it  is  impossible  to  get  any  definite 
idea  of  how  the  words  actually  sound  except  by  putting  the  plate  in  the 
gramophone,  I  will  try  to  indicate  some  of  the  characteristics  of  the  words 
heard. 

Mr.  Hooly  speaks  in  what  appears  to  be  the  normal  American  accent 
in  the  neighborhood  of  New  York  except  in  two  respects :  i.  he  makes 
an  unusual  effort  at  distinctness  ;  2.  he  recites  in  the  manner  frequently 
adopted  by  adults  in  speaking  to  children — a  manner  that  I  am  able  to 
characterize  only  as  having  an  excess  of  expressiveness  and  melodiousness. 

The  record  on  the  gramophone  plate,  as  far  as  it  has  been  traced  off, 
reads  as  follows : 

Now,  children,  draw  your  little  chairs  nearer  so  that  you  can  see  the  pretty 
pictures  and  Uncle  Will  will  read  to  you  the  sad  story  of  the  death  and  the 
burial  of  poor  Cock  Robin. 
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Who  killed  Cock  Robin  ? 

I,  said  the  sparrow, 

With  my  bow  and  arrow. 
I  killed  Cock  Robin. 

Who  saw  him  die  ? 

I,  said  the  fly, 

With  my  little  eye 
I  saw  him  die. 

Who  caught  his  blood  ? 

I,  said  the  fish, 

With  my  little  dish 
I  caught  his  blood. 

Who*  11  make  his  shroud  ? 

I,  said  the  beetle, 

With  my  thread  and  needle 
I'll  make  his  shroud. 

Who'll  be  the  parson  ? 

I,  said  the  rook, 

With  my  little  book 
I'll  be  the  parson. 

Who'll  dig  his  grave  ? 

I,  said  the  owl. 

With  my  spade  and  trowel 
ril  dig  his  grave. 

Who' 11  carry  the  link. > 

I,  said  the  linnet, 

I'll  fetch  it  in  a  minute. 
I'll  carry  the  link. 

To  extend  the  treatment  to  prose  some  cases  of  /  were  studied  in  an- 
other record  by  Mr.  William  F.  Hooley,  entitled  "Gladstone's  Advice 
on  Self- Help  and  Thrift/'  being  record  number  6014  of  the  gramophone 
series.     The  speech  runs  as  follows  : 

"  Ladies  and  gentlemen,  the  purpose  of  the  meeting  on  the  14th  instant 
may,  I  can  say,  be  summed  up  in  a  very  few  words  :  self-help, and  thrift." 

Two  examples  of  this  diphthong  were  also  studied  in  the  word  ///>•,  as 
it  appears  in  record  number  668  Z  (name  of  speaker  not  given),  which 
runs  as  follows : 

Our  Father,  which  art  in  Heaven  ;  hallowed  be  Thy  name,  Thy  kingdom 
come  .   .   . 

In  order  to  get  some  idea  of  the  relation  between  the  character  of  the 
vibrations  and  the  mental  character  of  the  word  I  have  recorded  judgments 
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as  to  how  the  words  appear  to  the  ear.  The  statements  are  given  with  ap- 
pended initials  in  the  accounts  of  the  various  words  ;  the  persons  observ- 
ing were:  (O),  Hanns  Oertel;  (E.  M.C.),  Miss  E.  M.  Corastock;  (E. 
W.  S.),  E.  W.  Scripture. 

ai  in  the  word  /  (first  example). 

The  firet  occurrence  of  ai  is  in  the  verse  /,  said  the  sparrow. 

A  reproduction  of  the  curve  for  this  word  is  given  in  Fig,  5.  As  ex- 
plained on  p.  14,  some  of  the  details  are  lost  in  making  the  figure  and 
others  are  not  quite  correctly  given  ;  the  original  curve  is  much  sharper 
and  clearer. 


This  word  /  occupies  an  interval  of  452*  ("  ^  o.ooi").  It  is  pre- 
ceded by  a  silent  interval  of  770",  or  about  ^  of  a  second  ;  this  is  the 
full  stop  in  the  stanza  after  the  question  is  asked  and  before  the  answer 
is  given,  indicated  by  ?  in  print.  It  is  followed  by  a  silent  interval  of 
210",  indicated  in  print  by  a  comma. 

Bcj^inning. — The  beginning  of  the  a  is  apparently  clear,  that  is,  it  is 
not  preceded  by  any  breathing.  The  vocal  cords  are  apparently  ad- 
justed for  voice  production  before  the  expiration  begins ;  the  vowel  starts 
with  a  light  vibration  of  the  cords.  There  is  no  explosive  sound,  or 
glottal  catch,  before  the  vowel. 

Pitch. — Beginning  with  a  period  of  18',  the  cord  tone  changes  slowly 
through  II,  10,  9,  8,  7",  reaching  6' at  the  nth  vibration,  5'  at  the 
iSth,  4'  at  the  30th  ;  the  period  of  4*  is  maintained  to  about  the  looth 
vibration,  after  which  it  falls  slightly  to  4.2'  during  the  last  7  vibrations. 
In  other  words,  the  pitch  glides  slowly  upward  from  a  tone  of  56  complete 
vibrations  per  second  to  one  of  200  per  second,  then  more  slowly  to  one 


Researches  in  experimental  phonetics. 


17 


of  250  per  second,  at  which  pitch  it  remains  constant  except  for  a  slight 
drop  as  the  diphthong  ends.     Fig.  6  shows  the  course  of  the  pitch -changes 
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during  this  word.  The  horizontal  axis  in  this  figure,  as  well  as  in  all 
similar  ones,  represents  time.  The  point  j;  =  o  is  taken  at  the  moment  of 
the  first  vibration  and  the  sound  curve  is  supposed  to  be  laid  along  the  X- 
axis.  At  each  point  on  this  axis  at  which  the  curve  shows  a  cord  vibra- 
tion to  begin  an  ordinate  is  erected,  inversely  proportional  to  the  time 
from  this  moment  to  the  beginning  of  the  previous  vibration,  that  is,  to 
the  frequency  of  the  cord  vibration  at  that  point.  By  an  oversight  the 
figures  300  and  400  have  been  interchanged. 

Formation. — A  drawing  of  the  first  three  vibrations  is  given  in  Fig.  7  ; 
the  dots  indicate  intervals  of  i*^. 


FiG.  7. 

The  vowel  a  begins  with  a  movement  of  the  vocal  cords  by  which  an 
extremely  weak  puff  of  air  is  emitted.  This  puff  of  air  passing  through 
the  resonance -chamber  of  the  mouth  arouses  3  or  4  vibratory  oscillations 
of  air  contained  in  the  chamber.  There  is  first  a  half  oscillation  of  weak 
amplitude,  then  a  comparatively  strong  oscillation,  followed  by  very 
weak  ones.  Even  the  strongest  is,  however,  very  weak ;  the  following 
oscillations  are  so  weak  as  to  be  hardly  perceptible.  The  resonance  vi- 
brations disappear  and  there  is  an  interval  of  silence  before  the  second 
puff  appears.  Then  the  cords  emit  another  puff  of  air  a  trifle  stronger 
than  the  first,  the  time  from  puff  to  puff  being  i8<^.  The  6  resonance 
vibrations  are  slightly  stronger  than  before.  The  period  of  silence  is 
shorter  than  before.    The  third  puff  occurs  1 1*^  after  the  second  one.    The 
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resonance  vibrations  are  a  trifle  stronger  still ;  there  are  7  of  them  wit! 
a  brief  intenal  of  silence.  The  fourth  putf  begins  at  10'  after  the  begin 
ning  of  the  third  one.  The  fourth  puff  contains  8  resonance  vibrations,  al 
slightly  stronger  than  before  ;  there  is  no  interval  of  silence  because  th« 
fifth  puff  begins  just  as  the  last  resonance  vibration  of  the  fourth  puf 
ends.  The  interval  occupied  by  the  fourth  puff  is  9'.  The  end  of  thf 
fourth  puff,  the  whole  of  the  fifth  puff  and  the  beginning  of  the  sixth 
are  shown  greatly  enlarged  in  the  drawing.  Fig.  8. 


It  is  a  characteristic  trait  of  this  particular  a  that  the  vibration  is 
strongest  at  the  start ;  this  indicates  a  sudden  and  complete  opening  of 
the  cords.  The  quickest  opening  requires,  however,  a  little  time  and 
there  must  be  a  measureable  change  from  no  passage  of  air  to  full  passage  ; 
this  is  shown  by  the  weak  half  of  the  first  resonance  vibration  preceding 
the  large  half  The  form  of  vibration  may  possibly  be  held  to  indicate 
a  complete  closure  of  the  cords  whereby  they  actually  touch  each  other. 
This  is  supposed  to  be  a  characteristic  of  spoken  vowels  as  distinguished 
from  sung  vowels.  The  ii  sung  by  Hekmann'  shows  a  gradual  rise  and  fall 
of  intensity  such  as  would  arise  from  a  free  vibration  of  the  cords  without 
touching  of  their  edges.  Spoken  vowels,  however,  may  be  also  produced 
by  free  \ibrations  of  the  cords  as  in  the  case  of  the  /  analyzed  below 
(p.  "5). 

In  Ihis  /  (here  appears  a  trace  of  the  strong  secondary  resonance  vibra- 
tion discussed  below  (p.  23)  ;  the  phenomenon  is  here  so  faint  that  a 
discussion  of  it  is  best  [wstponed  to  the  study  of  the  ad 
e\anii>le  of  /.  The  resonance  tone  indicated  by  it  has  a 
period  of  3'^°,  or  a  frequency  of  s86  ;  this  is  approxi- 
mately the  note  shown  in  Fig.  9. 

vibration  in  the  first  part  of  the  1 


has  a  period  of  1'  or  a  frequency  of  1000.      Its  pitch  i 
approximately  as  indicated  in  Fig.  10.  Fio.  10. 

'  HerMan-s.  Ph,-niifhnlo^rtiphu.-lie  L'liUrsuekungen,  W ..  CntenuiAiingin  miltekdn 
nrutn  Edhon  irhtu  rhoaagraplitii.  Arch.  f.  d.  ges.  Fhysiol.  ( PllUger),  1893  LII I  Tafel  II. 

llEllMiNS-.  Wiitir^  L'Htmu.kan^cn  11.  d.  WiStit  d.  I'Maii,  Arch.  f.  d.  ges.  Physiol, 
(PflUger),  1895  LXI  Tafel  V. 
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As  the  period  of  the  cord  tone  becomes  shorter,  the  number  of  reso- 
nance vibrations  to  each  period  becomes  smaller.  Beyond  the  30th  period 
of  the  cord  tone  the  resonance  vibrations  show  a  lengthening  of  period. 
In  the  39th  cord  vibration  the  resonance  tone  reaches  a  period  of  2.2*'  or 
a  frequency  of  about  450  ;  it  thus  falls  more  than  an  octave  in  the  time 
of  9  cord  vibrations,  or,  in  this  case,  in  33*'.  Here  the  resonance  tone 
is  nearly  but  not  quite  of  the  same  period  as  the  octave,  2*^,  of  the  cord 
tone,  4*^.     This  change  is  shown  in  the  hand-drawing.  Fig.  11,  which  be- 


FlG.  II. 

gins  with  the  31st  vibration.  This  relation  between  resonance  tone  and 
cord  tone  is  maintained  to  the  end  of  the  word ;  it  produces  the  peculiar 
alternation  of  waves  seen  in  the  last  two  vibrations  in  Fig.  11. 

The  vibrations  up  to  the  31st  unquestionably  belong  to  the  a.  In 
the  vibrations  beyond  the  39th  both  the  cord  tone  and  the  resonance 
tone  are  constant,  except  for  a  slight  fall  at  the  end.  They  unquestion- 
ably belong  to  the  /.  The  vibrations  from  the  31st  to  the  39th  show  a 
constant  cord  tone  and  a  falling  resonance  tone.  They  are  presumably 
to  be  considered  as  belonging  to  the  "  glide.'*  During  the  a  the  cords 
have  been  stretched  more  and  more  until  at  the  31st  vibration  they 
reach  the  tension  required  for  the  / ;  the  only  further  change  necessary 
is  the  lowering  of  the  resonance  tone. 

Beyond  the  portion  shown  in  Fig.  11  the  curve  shows  strong  vibrations 
so  nearly  alike  that  one  is  naturally  induced  to  consider  each  one  a  cord 
vibration,  as  shown  in  Fig.  13.  This  would  not  be  the  proper  way  be- 
cause close  inspection  shows  that  succeeding  vibrations  differ  slightly, 
while  alternate  ones  are  alike.  This  likeness  of  all  the  resonance  vibra- 
tions ill  the  /  as  contrasted  with  the  a  is  probably  also  due  to  a  difference 
in  the  action  of  the  cords;  this  difference  appears  more  clearly  in  the 
word  eye  analyzed  below,  and  the  discussion  is  postponed  to  that  point. 

With  the  understanding  that  no  definite  limit  can  properly  be  made 
between  one  sound  and  the  neighboring  one  in  this  case,  we  may,  on  ac- 
count of  the  foregoing  consideration,  consider  the  a  to  have  occupied  the 
time  203*^  ending  with  the  30th  vibration,  the  glide  to  have  occupied 
^3<^  ending  with  the  38th  vibration  and  the  /  to  have  occupied  the  remain- 
ing 216*'. 
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The  resonance  tone  of  the  /  is  one  of  about  450  vibrations  per  second, 
)r  about  that  in  Fig.  12. 

Phis  resonance  tone  is  much  lower  than  the  very  high 
I  tone  assigned  to  1  by  Hermann  and  others  but  is  not  so 
low  as  those  assigned  by  some  other  observers.  There  is, 
however,  the  possibUity  of  different  tones  in  the  vowels 
from  different  speakers  and  also  that  of  several  resonances  in  the  same 
vowel.  In  careful  examination  of  the  curves  I  find  thera  often  marked 
by  small  additional  vibrations.     These  are  frequently  quite  prominent 


in  the  /  of  ai.  Their  fineness  rendered  it  impossible  to  settle  on  any 
definite  facts  regarding  them.  In  the  drawing,  Fig.  13,  I  have  tried  to 
give  some  idea  of  how  the  curve  of  the  / 
might  appear  if  freed  from  the  defects  of 
tracing.  It  is  impossible  to  assign  any 
period  to  these  small  vibrations  ;  the  regu- 
larity in  [he  drawing  was  adopted  for  purely 
mechanical  reasons. 

The  changes  of  the  cord  tone  and  the 
resonance  tones  are  indicated  in  a  general 
way  in  Fig.  14.  ^"'■ 

Amplitude.— 1\\t.  amplitude  of  a  vibration     J'PP*'^  " 

is  the  distance  from  the  position  of  equi- 
librium to  the  extreme  position  on  either 

side ;  it  is  thus  one-half  the  difference  in  altitude  between  the  crest  and 
the  trough  of  a  wave.  The  course  of  change  in  amplitude  is  given  in 
Fig.  15.  The  horizontal  axis  represents  lime  as  explained  for  Fig.  6. 
The  vertical  axis  represents  amplitude. 

The  initial  resonance  vibration  of  the  first  puff  of  this  a  has  an  ampli- 
tude of  less  than  o.  i""°.  This  slowly  increases  to  o.  3""°  at  the  loth  vi- 
bration after  which  it  remains  practically  constant  to  the  38th.     Beyond 
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the  38th,  that  is,  from  the  beginning  of  the  /,  the  amplitude  rapidly  in- 
creases from  0.3°""  to  0.7""°  at  the  50th  vibration;  thereafter  it  slowly 
sinks,  becoming  0.3""°  at  the  60th  vibration  and  0.2"°  at  the  80th,  o.  i 


mm 


at  the  88th  and  o  at  the  96th.  The  vibrations  of  the  /  just  beyond  the 
50th,  or  the  maximum  of  the  /,  are  shown  in  Fig.  13  ;  in  this  figure  two 
of  the  large  vibrations  belong  to  one  cord  vibration. 

The  maximum  for  the  /is  2^  times  that  for  the  a. 

Ending. — The  word  ai  ends  by  a  gradual  cessation  of  the  expiratory 
impulse  with  hardly  a  noticeable  change  in  the  tension  of  the  vocal  cords  ; 
this  is  the  clear  ending  usual  in  English.  The  slight  fall  in  pitch  of  the 
/  toward  the  end  indicates  a  change  that  may  be  apparent  in  the  auditory 
effect  of  the  word,  although  it  cannot  be  distinguished  separately.  It  is 
probably  due  to  a  relaxation  of  the  cords. 

Relation  betiueen  curiae  ami  color, — To  the  ear  the  sound  of  this  word 
/  appears  from  the  record  **  colorless,  without  emotion,  without  inflec- 
tional rise  or  fall  within  the  word,  a  monotone"  (O.)  ;  *'a  mild  state- 
ment" (E.  W.  S.). 

The  mildness  of  this  word  seems  related  to  its  length  and  its  gradual 
changes  in  pitch  and  intensity. 

ai  in  the  word  /  (second  example). 

The  second  case  of  the  word  /  occurs  in  the  sentence  /  killed  Cock 
R(fhin. 

The  complete  reproduction  of  the  curve  is  given  in  Fig.  16.  The  first 
five  puffs  are  shown  enlarged  in  the  drawing.  Fig.  17. 

This  word  occupies  an  interval  of  334*^.  It  is  preceded  by  a  silent  in- 
terval of  420*^,  or  nearly  half  a  second  ;  this  considerable  interval  would 
indicate  a  full  stop.  The  words  With  my  bow  and  arrow  seem  therefore 
in  the  thought  of  the  speaker  to  belong  to  the  previous  /.  The  thought 
seems  best  indicated  by  a  period  after  arrow ;  thus,  /,  said  the  sparrow y 
7i'ith  my  bow  and  arrow,     I  killed^  etc.     This  second  /  is  followed  by 
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an  ioterv'al  of  about  115*  before  any  trace  of  the  following  sound  can 
be  found. 


Fig.  17. 

Beginning. — Similar  to  that  of  the  isl  /,  p.  16.     The  first  five  vibra- 
tions are  shown  in  the  drawing,  Fig.  17. 

Pitch. — Beginning  with  a  period  of  1 2',  the  cord  tone  changes  steadily 

through  9,  8,  8,  7,  7,  6,  6,  6,  6,  5,  5,  5,  5,  5,  5,  5,  4,  4.  4.  4.  4,  4.  4, 
etc.,  to  the  48th  vibration  after  which  It  slowly  falls  to  4.4'  at  the  70th. 
The  course  of  the  pitch-change  is  shown  in  Fig.  18  ;  the  plotting  is  done 
in  the  manner  described  for  Fig.  6. 


Foriiuilii"i.—'Y)\e  formation  of  the  u  is  apparently  the  same  as  in  the 
preceding  case  ;  the  secondaries  indicate  a  resonance  tone  of  1000,  as  in 
Fig.  10.     At  the  distance  of  3^4"  beyond  the  beginning  of  the  vibration 
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there  is  another  large  oscillation  markedly  greater  than  the  other  second- 
aries, as  shown  in  the  drawing  Fig.  18,  This  large  secondary  keeps 
at  the  same  time  behind  the  primary.  As  the  pitch  of  the  cord  tone 
rises,  the  primary  resonance  vibrations  come  closer  together  ;  the  large 
secondary,  being  at  a  constant  interval  behind  the  preceding  primary,  thus 
comes  steadily  closer  to  the  following  primary  until  it  disappears  in  it.  A 
drawing  of  two  such  vibrations  is  given  in  Fig.  19. 


I  do  not  believe  that  this  larger  secondary  is  due  to  an  overtone- vibra- 
tion of  the  cords.  A  stretched  string  or  a  reed  may  vibrate  primarily  as  a 
whole,  secondarily  in  halves,  thirds,  and  so  forth,  producing  the  funda- 
mental tone  and  its  overtones.  As  the  tension  of  the  string  or  reed  is  in- 
creased, the  fundamental  tone  rises  in  pitch  and  its  overtones  must  do  so 
likewise.  For  example,  a  string  or  a  reed  that  vibrates  in  halves  in  ad- 
dition to  its  fundamental  vibration,  will  continue  to  vibrate  in  halves  as 
the  tension  is  changed.  The  curves  for  this  vowel  do  not  represent  such 
a  vibration.  The  strong  secondary  keeps  at  the  same  distance  after  the 
preceding  primary  while  the  distance  to  the  following  primary  steadily 
decreases. 

Two  explanations  of  this  phenomenon  may  be  proposed. 

II  might  be  suggested  that  the  primary  and  the  strong  secondary  may 
represent  two  waves  of  a  lower  resonance  while  the  primary  and  the  other 
secondaries  represent  the  waves  of  a  higher  resonance  ;  this  resonance 
would  have  a  period  of  3^  or  a  frequency  of  about  286.  The  note 
corresponding  to  this  tone  is  shown  in  Fig.  9.  It  would  require  a  rather 
large  cavity  to  resonate  to  such  a  low  tone.  Such  a  cavity  may  perhaps 
arise  from  the  pharynx  and  mouth  acting  as  a  single  resonator  of  great 
length.  There  would  then  be  at  least  three  tones  present  in  the  17 :  the 
rising  cord  tone,  the  lower  resonance  tone  of  286,  which  finally  coincides 
with  the  cord  tone,  and  the  higher  resonance  tone  of  1000. 

Another  explanation  that  may  at  least  be  considered  is  that  the  strong 
secondary  arises  from  a  flap-like  action  of  the  cords.  The  closure  of  the 
glottis  across  the  air-current  brings  about  a  vibration  of  the  edges,  pro- 
ducing a  tone  whose  pitch  depends  upon  the  tension  of  the  edges.  The 
edges  can  be  assumed  to  vibrate  as  wholes  in  the  manner  of  stretched 
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strings.  As  the  tension  is  increased,  the  pitch  rises.  In  addition  to  this 
the  tissue  stretching  from  the  edges  to  the  walls  may  also  vibrate  in  uni- 
son with  the  edges,  but  just  as  in  the  case  of  a  piece  of  cloth  attached  to 
a  string,  it  may  be  assumed  to  execute  an  additional  flap  owing  to  the 
first  impulse  being  reflected  from  the  further  walls  to  which  the  membrane 
is  attached.  If  we  assume  that  the  tension  of  this  tissue  (Musculus 
thyreo-arytenoideus)  remains  constant  during  the  vowel,  this  membran- 
ous flap  would  be  independent  of  the  tension  of  the  cords  and  would  follow 
it  at  a  constant  interval.  This  flap  would  impress  itself  with  the  air  cur- 
rent and  thus  produce  a  stronger  resonance  vibration  at  a  constant  in- 
terval after  the  primary  resonance  vibration.  On  the  assumption  that 
the  regular  re|>etition  of  a  sound  produces  a  tone,  the  large  secondary 
would  combine  with  the  preceding  primary  to  produce  a  tone  with  a 
|>eriod  of  3.5*^  or  a  frequency  of  about  286.  Likewise  it  would  combine 
with  the  following  primary  to  produce  a  tone  of  changing  pitch ;  this 
tone  would  start  with  a  period  of  5. 6*'  or  a  frequency  of  about  178  and 
rise  steadily  in  pitch  till  it  disappeared. 

The  lowering  of  the  resonance  tone  can  be  clearly  seen  at  the  12th 
vibration  just  as  at  the  31st  in  the  preceding  case,  although  it  may  pos- 
sibly begin  earlier ;  it  is  finished  at  the  28th.  Thus,  80''  can  be  assigned 
as  the  time  occupied  by  the  a^  70''  by  the  glide  and  184  *^  by  the  /. 

The  resonance  tone  of  the  /  has  a  period  of  i.S*'  or 
a  frequency  of  about  555  ;  this  is  approximately  the  note 
shown  in  Fig.  20. 

The  smaller  vibrations  are  also  present  as  mentioned  on 
p.  20. 

The  changes  of  the  three  tones  in  this  vowel  are  indicated  in  Fig.  21. 

Amplitude. — The  maximum  amplitude  in  the  first  vibration  is  less  than 
o.  i""  ;  it  increases  steadily  to  0.4°""  at  the  end  of  the  a. 

Beyond  the  25th  vibration  the  amplitude 
begins  to  increase  ;  it  reaches  a  maximum  of 
0.6°"°  at  the  31st  vibration.  Thereafter  it 
decreases  rather  rapidly,  becoming  0.2"°  at 
the  45th  vibration  and  fading  away  gradually 
to  o  after  the  75th.  If  the  vibrations  from 
the  1 2th  to  the  30th  are  to  be  considered  as 
the  glide,  the  maximum  occurs  just  after  the 
beginning  of  the  /. 

The  /  IS  thus  weaker  throughout  than  in  the     ^^^^^  ^^^^^^^^  ^^^^ 

previous  case  ;  its  maximum  amplitude  is  also 
slightly  less.     Owing  to  the  loudness  of  the 
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a,  the  maximum  amplitude  of  the  /  in  this  case  is  only  i  J^  times  that  of 
the  a. 

The  course  of  change  in  amplitude  is  shown  in  Fig.  22  ;  the  plotting 
is  done  in  the  manner  described  for  Fig.  15. 
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Ending. — Similar  to  that  of  the  ist  /,  p.  21. 

Relation  betiueen  curve  and  color, — To  the  ear  this  /is  **  shorter  than 
the  1st  /;  more  emphatic"  (O.);  ''the  word  is  spoken  emphatically 
and  boldly"  (E.  W.  S.). 

The  emphatic  character  of  the  word  may  arise  from  its  shortness,  the 
loudness  of  the  a^  the  quick  fall  of  the  /,  or  from  other  causes  not  de- 
termined. 

ai  in  the  word  /  (third  example). 

The  third  example  of  /occurs  in  the  words  /,  said  the  fly. 

This  word  occupies  an  interval  of  598*'.  It  is  preceded  by  a  long 
silent  interval  of  560*',  or  over  j4  of  a  second,  indicating  the  full  stop 
after  the  question  has  been  asked.  It  is  followed  by  a  silent  interval  of 
200*^,  or  ^  of  a  second,  indicated  in  print  by  a  comma. 

Beginning. — The  first  strong  resonance  vibration  is  preceded  by  4  very 
small  secondaries.  Fig.  23.     This  would  indicate  that  the  expiration  be- 


FiG.  23. 

gan  before  the  cords  had  closed  for  their  first  explosion  but  that  the 
mouth  was  already  in  position  for  the  vowel.  Such  a  brief  passage  of 
air  through  the  mouth  before  the  cords  began  to  vibrate  would  cause  the 
resonance  tone  to  be  heard  for  a  brief  instant  before  the  cord  tone  began. 
In  this  case  the  resonance  lone  began  4  thousandths  of  a  second  before 
the  cord  tone.     This  can  hardly  be  considered  as  an  extremely  brief 
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aspirate,  or  h;  the  time  is  too  short,  s'',  for  any  perception  of  the  sound 
distinct  from  the  rest  of  the  vowel. 

It  is  quite  possible  that  this  manner  of  beginning  a  vowel  may  be  that 
called  by  Ellis  and  Sweet  a  ''gradual  glottid'*  and  by  Sievers  a 
"  lightly  breathed  beginning.  *  *  *'  In  this  the  cord  opening  passes  through 
the  positions  for  toneless  breath  and  whispering  before  the  cord  tone  be- 
gins, whereas  the  really  strong  impulse  of  expiration  begins  only  at  the 
moment  when  the  voice  itself  sounds.**' 

Pitch. — Beginning  with  a  period  of  7.7*^(131  vibrations  per  second)  it 
rises  to  1^  at  the  8th  vibration  to  6*^  at  the  13th,  to  5*^  (200  vibrations) 
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at  the  20th,  slowly  to  3.8<'  (250  vibrations)  at  the  40th  after  which  it 
remains  constant  to  the  70th.  Thereafter  it  falls  slowly  to  4. 2<^  at  the 
end.  The  course  of  change  in  pitch  is  shown  in  Fig.  24,  which  is 
plotted  in  the  manner  described  for  Fig.  6. 

Formation. — The  primary  and  secondary  resonance  vibrations  are 
present  in  the  ^r  as  in  the  previous  cases  but  the  secondary  vibrations  are 
relatively  stronger  in  this  case.  This  would  indicate  a  more  gradual 
opening  of  the  cords  ;  not  so  much  of  the  energy  of  the  puff  is  expended 
at  the  start,  and  some  of  it  is  reserved  to  carry  the  reasonance  longer. 
There  is  no  silent  interval  within  the  puff. 

In  the  greater  part  of  the  curve  the  secondary  vibrations  in  the  a  differ 
in  form  from  those  of  the  previous  cases.  They  take  a  form  that  would 
indicate  a  series  of  partial  tones  differing  from  each  other  in  phase  by  ^ 
as  shown  in  the  drawing,  Fig.  25. 

Some  of  the  curves  for  the  other  cases  of  /  appear  of  the  simple  pen- 
dular  harmonic  form,  but  many  of  them  show  tendencies  toward  forms 
with  the  overtones  differing  in  phase  by  ^^.  Those  that  resemble  the 
cases  of  difference  by  o  and  ^  cannot  be  distinguished  from  simple  curves 


*  Sievers,  Grundzugeder  Phon^tik,  4.  Aufl.,  140,  Leipzig  1893. 
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on  the  small  scale  of  the  records.  According  to  Hermann  the  differences 
in  phase  produce  no  differences  in  the  tone  heard.'  I  note  this  particular 
vowel,  however,  as  its  curve  differs  from  the  others.      The  different  forms 


for  different  cases  of  /  presumably  indicate  differences  in  the  shape  of 
the  mouth. 

The  curve  in  this  a  presents  great  irregularities ;  they  are  all  explainable, 
however,  from  the  gradually  rising  pitch  of  the  puffs  whereby  the  num- 
ber of  resonance  vibrations  is  gradually  reduced  as  in  the  previous  cases. 
Just  as  in  the  previous  cases  the  resonance  tone  begins  to  change  while 
the  cord  tone  is  constant.  The  change  begins  somewhere  around  the 
40th  vibration  and  proceeds  rather  rapidly  to  the  50th.  Thus  217'  can 
be  assigned  to  the  a,  46    to  the  glide  and  335"  to  the  ;. 

The  resonance  tone  for  the  a  has,  as  before  (p.  18),  a  period  of  i    or 
a  freiiuency  of  1000  (Fig.  10).     The  resonance  tone  beyond 
the  50th  vibration — which  we  may  consider  as  the  begin- 
ning of  the  / — has  a  period  of  2.0",  or  a  fretjuency  of  500, 
or  approximately  as  indicated  in  Fig.  j6. 

The  resonance  tone  remains  constant  for  about  lo  vibrations  of  the  ; 
and  then  slowly  falls  with  the  cord  tone  to  about  2.  a"  at  the  end.  The 
resonance  tone  of  the  /  is  very  closely  the  octave  of  the  cord  tone. 

The  resonance  vibrations  of  the  a 
show  a  fairly  strong  secondary  (p.  23) 
at3.s'afterthe  beginning.  Thiswould 
indicate  a  tone  with  a  frequency  of  286. 
On  the  first  hypothesis  (p.  23)  this 
would  be  the  lower  resonance  tone.  Fig. 
9.  On  the  second  hypothesis  it  would 
be  the  constant  flap  tone  ;  the  chang- 
ing flap  tone  would  begin  also  with 
period  of  about  3.5',  and  rise  in  pitch 
rapidly. 


'  Hehmann,  BfilrSgi  zur  Ltkri  v.  it,  Ktansviakmrhmung,  Arch.  f.  d.  g«s.  Physiol, 
(rauyer).  1894  LXV  467. 
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The  changes  in  the  tones  of  this  vowel  are  indicated  in  Fig.  27. 

Amplitude, — The  amplitude  of  the  maximum  resonance  vibration  in 
the  a  is  less  than  o.  i""  in  the  first  vibration ;  it  gradually  increases  to 
0.4'""'  and  remains  constant  to  the  end  of  the  a  and  through  the  glide. 

After  the  glide  the  amplitude  rises  with  moderate  rapidity  to  o.6""  at 
the  6 2d  vibration.  Thereafter  the  amplitude  falls  more  evenly  and  slowly 
to  o  than  in  the  second  example. 

The  course  of  change  in  amplitude  is  indicated  in  Fig.  28  ;  the  plot- 
ting is  done  in  the  manner  described  for  Fig.  15. 


The  amplitude  of  the  a  in  this  example  closely  resembles  that  in  the 
2d  example  ;  the  /  is  also  similar  but  its  rise  is  more  gradual  and  its  fall 
more  sudden.  The  amplitude  throughout  this  example  is  a  trifle  less  than 
in  the  first  one.     The  maximum  for  the  /is  i  J^  times  that  for  the  a. 

Ending, — As  on  p.   21. 

Relation  behueen  curiae  and  color. — To  the  ear  this  /  is  **like  the  2d 
but  longer  ;  a  little  more  self-assertive  '*  (O.)  ;  **  spoken  rather  emphat- 
ically ;  like  the  2d  example  rather  than  the  first*'   (E.  W,  S. ). 

The  maintenance  of  the  pitch  of  the  /  may  have  something  to  do  with 
this  assertiveness. 

di  in  the  word  /  (fourth  example). 

The  fourth  occurrence  of /is  in  the  line  I saiu  him  die.  It  occupies 
an  interval  of  350*^ ;  the  word  is  thus  shorter  than  any  of  the  previous 
examples. 

It  is  preceded  by  a  silent  interval  of  165*^,  which  is  shorter  than 
the  similar  interval  before  /  killed.  The  speaker  evidently  feels  that 
the  words  With  my  little  eye  belong  to  the  following  words  /  saw 
in  making  a  sentence  ;  thus  no  mark  of  punctuation  should  be  placed 
after  the  word  eye.  This  view  is  supported  by  the  existence  of  a  pause 
of  385^^  before  the  word  With,  In  the  previous  stanza  there  was  a 
pause  of  770*^  after  the  words  With  my  how  and  arrow  and  of  o  (zero  !) 
before   them,  that  is,  between  sparrow  and  with.     In  that  stanza  the 
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si^eaker  evidently  felt  the  phrase  beginning  with  With  to  belong  to  the 
preceding  /and  not  to  the  following  one.  Both  stanzas  have  been  punc- 
tuated on  p.  15  in  accordance  with  these  views. 

The  tracing  of  the  /is  followed  by  a  straight  line  for  200'' ;  this  time 
includes  the  pause  after  the  /and  the  time  of  the  s  of  saw. 

Beginning, — The  first  primary  resonance  vibration  of  the  a  is  preceded 
by  several  secondaries  (see  Fig.  30);  the  beginning  thus  resembles  that 
of  the  3d  example,  p.  25 
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Fig.  29. 


Pitch. — Beginning  with  a  period  of  9''  it  rises  steadily  through  8,  8,  7, 
1,  7,  6,  6,  6,  6,  6,  6,  6,  5,  5,  4,  4,  4,  -  4  (at  the  28th),  to  3>^  at  the 
35th  ;  this  pitch  is  maintained  practically  unchanged  to  the  end.  In 
regard  to  pitch  also  this  a  closely  resembles  that  of  the  2d  example  but 
it  is  throughout  a  little  higher.  Starting  with  a  frequency  of  about  1 1 1 
it  rises'  to  about  286  and  maintains  this.  The  course  of  change  in  pitch 
is  shown  lU  Fig.  29,  which  is  plotted  in  the  manner  described  for  Fig.  6. 

Formation. — The  first  three  vibrations  are  shown  in  the  drawing  Fig. 
30.     The  motion  of  the  cords  is  seen  to  be  free  and  gradual  as  in  the 


Fig.  30. 

third  example,  p.  26  and  Fig.  23.  The  resonance  vibrations  in  the  a 
resemble  those  in  the  2d  example  in  having  one  of  the  secondaries  stronger 
than  the  others.  This  secondary  maintains  its  place  in  resi)ect  to  the  pre- 
ceding primary  resonance  vibration  with  about  3.5*'  between  them.  As 
the  puffs  come  more  rapidly,  the  primaries  come  more  closely  in  succes- 
sion, cutting  off  the  secondaries  at  the  end  in  the  usual  way  (p.  17). 
Thus  the  larger  secondary  comes  steadily  nearer  to  the  following  primary 
while  maintaining  its  constant  distance  from  the  preceding  primary. 
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If  the  primary  resonance  vibration  and  the  strong  secondary  following 
it  indicate  a  tone,  the  |>eriod  of  the  tone  will  be  about  3. 5*'  and  the  fre- 
quency about  286.  If  a  tone  is  to  be  considered  as  being  formed  by  the 
interval  from  the  strong  secondary  to  the  following  primary,  it  would 
begin  at  about  4.5*^,  or  a  frequency  of  220,  and  would  rise  in  pilch  till  it 
is  extinguished.  In  this  respect  this  a  closely  resembles  that  in  the  2d 
example  of  /(p.  23). 

It  is  peculiar  to  this  /  that  the  cord  tone  rises  during  the  a  to  the  pitch  of 
the  lower  resonance  tone  286  and  that  the  /  keeps  this  pitch  for  the  cord 
tone. 

The  upper  resonance  tone  of  the  a  has  at  the  start  a  period  of  a  little  over 
\^  or  a  frequency  a  little  less  than  1000.     The  lowering  of  the  resonance 

tone  may  begin  at  the  start  but  it  cannot  be 
detected  until  about  the  30th  vibration,  owing 
possibly  to  the  unusual  complexity  of  the  curve 
in  this  case.  Shortly  before  the  40th  vibra- 
tion it  reaches  1.5*^,  and  at  about  the  48th 
i.S''.  Around  the  50th  it  reaches  2.i<',  at 
the  65th  about  2.5*^;  after  this  there  is 
scarcely  any  fall  to  the  end. 

The  changes  in  the  tones  of  this  vowel  are 
indicated  in  Fig.  31. 

Amplitude. — The  maximum  amplitude  in 
the  first  vibration  is  less  than  0.1""*;  it  in- 
creases rapidly  to  0.3  in  the  6th  vibration,  reaches  0.4^^  at  the  17th, 
decreases  to  0.2^2  at  the  28th  and  remains  with  no  noticeable  variation 
from  this  till  the  35th.  In  all 
previous  cases  the  a  has  steadily 
increased  in  intensity;  here  we 
have  a  rise  and  a  fall. 

In  the  /  the  amplitude  rises 
quickly  from  0.3  to  0.7  at  the  42d 
vibration  of  the  word  (  7th  of  the 
/  )  after  which  it  sinks  quickly  to 
0.3  at  the  45th  and  thereafter 
more  slowly  to  the  end.     Such  a 

quick  fall  of  intensity  is  not  found  in  any  of  the  preceding  cases  of  /*.  The 
loud  part  of  the  /  is  shorter  than  in  the  previous  cases.  The  maximum  am- 
plitude is  reached  at  its  13th  vibration,  where  it  is  i  y^  times  that  of  the  a. 
The  course  of  the  change  in  amplitude  is  given  in  Fig.  32,  which  is 
plotted  in  the  manner  described  for  Fig.  15. 
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Ending. — The  /ends  with  a  steady  fall  in  intensity  without  noticeable 
change  in  pitch. 

Relation  between  curiae  and  color. — To  the  ear -the  word  seems  to  be 
spoken  'Mike  the  3d/'*  (O.);  "triumphantly**  (E.  W.  S.).  The 
emphatic  or  triumphant  character  of  the  word  may  be  due  to  its  shortness. 
The  high  pitch  of  the  word  and  the  relation  of  tones  arising  from  the 
strong  secondary  may  also  be  elements  tending  to  make  the  word  emphatic. 

ai  in  the  word  /  (further  examples). 

Nine  further  cases  of  /  were  studied,  making  thirteen  in  all.  In  gen- 
eral the  fundamental  characteristics  of  the  four  cases  already  considered 
were  found  in  all  the  rest.     Some  peculiarities,  however,  are  to  be  noted. 

Sometimes  the  first  vibration  of  the  a  is  shorter  than  the  following  one. 
This  occurs,  for  example,  in  I ^ II  make  his  shroud^  and  /'//  be  the  parson. 
In  the  former  case  the  periods  are  9.8'',  11.6'',  10.9'',  9.8*^,  etc.,  and  in 
the  latter  8. i*',  10.5",  9.8'',  8.8'',  8.8'',  8.1'',  etc.  The  cords  seem  to 
receive  an  excess  of  tension  before  the  breath  begins  and  to  be  then  re- 
laxed to  the  tension  desired.  This  suggests  the  possibility  that  in  all 
cases  of  /  the  tension  of  the  cords  may  be  made  greater  than  desired  and 
that  it  is  adjusted  by  relaxation  before  the  breathing  begins.  There  are 
two  ways  of  reaching  an  adjustment  of  any  muscular  force,  one  by  in- 
creasing the  force  upward  until  it  reaches  the  proper  point  and  the  other 
by  making  an  excessive  increase  and  then  relaxing.  This  latter  method  is 
familiar  in  many  activities.  I  merely  suggest  its  possibility  in  speech  ;  I 
see  no  reason  for  supposing  it  to  be  the  method  employed  in  the  cases  of 
/  that  do  not  show  it  in  the  records. 

Another  ])eculiarity  lies  in  the  ending.  Most  cases  of  /  in  /  fade 
slowly  away  in  intensity  while  a  slight  fall  in  pitch  takes  place.  In  the 
case  of  /  in  /  caught  his  blood,  the  vibrations  reach  a  maximum  in  the 
early  part  of  the  /  as  usual  and  thereafter  decrease  in  amplitude ;  but  in- 
stead of  steadily  decreasing  to  zero  they  are  rather  suddenly  cut  off  at  a 
point  56*^  beyond  the  maximum,  at  which  point  the  amplitude  is  about 
V  that  of  the  maximum.  Beyond  this  point  there  are  still  some  faint 
\  ibrations  in  the  tracing  during  a  time  of  about  iC,  after  which  the 
tracing  is  straight.  The  straight  tracing  represents  the  ^-sound  in  the 
word  caught ;  the  faint  vibrations  correspond  to  the  glide  during  which 
the  cords  are  still  vibrating  but  the  mouth  is  changing  from  the  /-position 
to  the  /('-position.  The  condition  seems  to  correspond  to  what  may  be 
tailed  a  *'  sharp  cut  off*'  to  the  vowel  (Kudelka  :  **  stark  geschnittener 
Accent  "*)  in  contrast  with  the  **  fading  end"  to  the  cases  of  /  above. 

'  SiKVERS,  Grundzugi  der  Phonetik,  4.  Aufl.,  204  Leipzig  1893. 
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In  the  case  of  /  in  /V/  make  his  shroud  there  is  also  no  &ding  away ;  / 
passes  into  V/and  V/into  m  without  any  break,  although  a  fluctuation  in 
amplitude  takes  place.  * 

In  one  case  the  fall  of  the  upper  resonance  tone  appears  to  take  place 
from  the  very  beginning  of  the  word ;  the  resonance  tone  is  thus  steadily 
falling  while  the  cord  tone  is  steadily  rising.  This  occurs  in  the  a  of  /in 
/,  said  the  fish.  The  period  of  the  resonance  tone  begins  with  1.4*',  reaches 
i.S*'  at  about  the  loth  vibration,  i.S*'  at  the  40th  vibration  and  then  re- 
mains constant  to  the  end  of  the  word.  The  typical  a  form  is  lost  in  the 
curve  at  this  point,  namely  the  40th  vibration,  or  228*^  after  the  begin- 
ning ;  the  typical  /  form  appears  clearly  after  the  45th  vibration,  justify- 
ing us  presumably  in  assigning  1^^  to  the  glide  and  240^^  to  the  /*. 

ai  in  the  word  /  (prose  example). 

This  occurs  in  the  words  mayy  I  can  say,  he  summed  up  in  a  very  few 
words  of  the  prose  speech  given  on  p.  15. 

It  occupies  an  interval  of  354''.  It  is  preceded  by  a  silent  interval  of 
not  over  i6<' ;  the  preceding  sound  is  ay  of  may  which  fades  away  slowly 
and  may  occupy  in  extreme  faintness  some  of  this  interval.  It  is  fol- 
lowed by  a  line  showing  no  vibrations  through  an  interval  of  70*^ ;  this 
represents  undoubtedly  the  gutteral  k  in  the  word  can  which  seems  to  fol- 
low the  /without  pause  as  in  the  case  mentioned  on  p.  31,  yet  the  k  does 
not  cut  off  the  /  suddenly  in  this  case  as  is  shown  by  a  study  of  the  am- 
plitude (p.  34  and  Fig.  40). 

Beginning. — Very  faint  but  apparently  clear,  as  on  p.  16. 

Pitch. — The  successive  periods  are  9.8,  8.4,  7.0,  6.7,  6.0,  6.0,  6.3, 
6.0,  6.0,  6.0,  6.0,  (y.i,  6.7,  6.7,  6.7,  6.7,  6.3,  6.3,  6.3,  5.6  at  the  20th 
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vibration  ;  after  this  the  period  remains  constant  at  5.6''  to  the  68th  vi- 
bration at  the  end  of  the  word.  This  is  indicated  in  Fig.  33,  which  is 
plotted  in  the  manner  described  for  Fig.  6. 
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Formation, — In  general  the  curve  resembles  those  with  the  strong  sec- 
ondary but  with  the  difference  that  this  secondary  occurs  at  a  smaller 
interval,  2.8'',  after  the  primary.  As  the  primary  has  a  period  of  i.o^,  this 
produces  the  peculiar  curve  of  which  one  vibration,  is  shown  in  the 
drawing,  Fig.  34.  This  secondary  is  almost  as 
strong  as  the  primary  in  the  early  part  of  the  «, 
but  is  lost  sight  of  at  a  later  point  in  the  curve, 
possibly  by  coming  into  some  relation  to  the  upper 
resonance  tone.  "  ^^' 

This  difference  from  the  previous  cases  would  indicate  some  difference 
in  the  resonance  adjustment  of  the  mouth  or  in  the  action  of  the  cords ; 
it  may  possibly  have  something  to  do  with  the  parenthetical  character  of 
the  phrase. 

The  tone  represented  by  the  interval  between  the  strong  secondary 
and  the  preceding  primary  is  constant  at  2,%^  or  about  360,  or  approxi- 
mately the  note  shown  in  Fig.  35.  The  resonance  tone  of  the  a  starts 
at  i.o*'  or  1000,  as  in  the  first  example,  p.  18,  being  indicated  approx- 
imately in  Fig.  10. 

At  about  the  17th  cord  vibration  the  resonance  tone 
begins  to  fall  in  pitch.  As  its  period  becomes  longer,  it 
more  nearly  coincides  with  the  period  between  the  strong 


Fig.  35. 


secondary  and  the  preceding  primary ;  the  curve  becomes  smoother  and 
loses  the  little  notch  after  the  primary.  The  20th  vibration  is  shown 
in  the  drawing.  Fig.  36.  The  resonance  tone  continues 
to  fall  slowly  but  steadily  to  the  end  of  the  /,  reaching 
2.8*^  or  about  360  at  the  end;  this  is,  curiously  enough, 
the  pitch  of  the  lower  resonance  tone  of  the  a  (Fig.  35). 
The  curve  at  the  point  where  the  /  has  fallen  greatly  in 
amplitude  and  the  period  of  the  resonance  vibration  is 
somewhat  less  than  half  that  of  the  cord  vibration  is  shown  in  the  draw- 
ing, Fig.  37. 


Fig.  36. 


Fig.  37. 


We  are  perhaps  justified  in  placing  the  end  of  the  a  at  the  point  where 
the  resonance  tone  begins  to  fall,  that  is,  at  the  17th  cord  vibration  ;  this 
would  give  a  a  length  of  11 6*'. 

The  vowel  /  thus  continues  the  constant  pitch  of  the  a  and  also  the 
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drop  of  the  resonance  tone  in  the  glide.  It  is  thus  quite  impossible  to 
assign  any  limit  between  the  glide  and  the  /'.  Even  the  peculiar  increase 
in  amplitude  that  characterizes  all  the  previous  cases  of  /in  y  is  here  so 
gradual  that  it  cannot  be  used  to  mark  the  limit  (see  Fig.  40). 

The  remarkable  fall  of  the  resonance  tone  fiom 
\.o^y  or  1000,  in  the  a  throughout  the  /  to  its  end 
at  2.8'',  or  360,  at  the  end,  extends  over  about  the 
musical  interval  of  a  duodecime,  or  approximatelj 
as  indicated  in  Fig.  38. 
The  changes  in  the  three  tones  of  the  /are 
indicated  in  Fig.  39. 

Amplitude. — The  amplitude  increases  rather 
steadily  at  first,  then  rapidly  in  the  early  part 
of  the  /  and  falls  rather  more  rapidly  than 
usual  to  the  end.  This  is  indicated  in  Fig. 
40,  which  is  plotted  in  the  manner  described 
for  Fig.  15.  The  maximum  amplitude  for 
the  /  is  about  1^2  times  that  for  the  a. 

Ending. — A  fall  of  amplitude  to  o  without 
any  fall  in  pitch  of  the  cord  tone,  as  in  the 
4th  example,  p.  31. 

Relation  betiveen  curve  and  color. — To  the  ear  this  word  is  **  colorless, 
unemphatic'*  (O.);  ''short,  high,  colorless,  firm,  a  statement  of  no  j>ar- 
ticular  importance  "  (E.  W.  S. ).     It  seems  impossible  to  find  any  relation 


Fig.  39. 

Upper  resonance  tone. 

Lower  resonance  tone. 

Cord  tone. 


between  these  judgments  and  the  recorded  curve.  Shortness  was  noted 
above  (p.  31)  as  connected  with  emphasis;  the  unemphatic  /  (first  ex- 
ample) was  long  and  had  a  different  cur\'e  of  pitch.  The  very  peculiar 
change  in  the  resonance  tone  may  by  future  collation  with  similar  cases 
be  found  to  be  connected  with  the  color  of  the  word. 

ai  in  the  word  eye. 

The  word  occurs  in  the  line  With  my  little  eye.     A  reproduction  of  the 
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cun'e  is  given  in  Fig.  41 ;  the  first  few  vibrations  of  the  a 
satisfactorily  shown  in  the  cut. 


It  occupies  an  inter\'al  SSl5'-  It  follows  immediately  on  the  last  vi- 
bration of  the  I  in  the  word  little.  The  three  words  my  little  eye  are 
here  spoken  with  no  separation.  It  is  interesting,  in  passing,  to  consider 
ihe  possibility  that  this  fusion  of  the  three  words  go  parallel  to  a 
fusion  of  thought.  It  is  evident  from  the  very  tone  of  the  speaker  that 
he  is  thinking  of  one  thing,  a  certain  eye,  and  that  the  facts  of  mine  and 
.Miuillness  are  not  of  any  particular  account  to  him. 

The  word  eye  is  followed  by  a  pause  of  165'  before  the  word  /  (  see 
p,  38)  which  does  not  seem  sufficient  to  justify  a  comma. 

Beginnin,!;. — The  feint  vibrations  of /in  little  die  away  just  before  the 
first  primary  resonance  vibration  of  eye  appears.  The  a  begins  as  in 
/,  ist  example,  p.  16. 

Pitch. — 'l"he  vibrations  of  the  preceding  /  decrease  in  amplitude  until 
ihu  line  shows  only  a  faint  wavering.  The  first  indication  of  t  is  a  single 
resonance  vibration  on  the  line  ;  this  is  repeated  after  1.5",  and  again 
after  3.9'.  From  this  point  the  a  curve  clearly  appears.  It  slowly  falls 
in  pitch  to  a  period  of  4.2"  at  the  20th  vibration,  4.6'  at  the  40th,  4.9'' 
at  Ihe  50th,  5.3'  at  the  54th,  5.6'  at  the  60th,  6.3'  at  the  66th,  6.7"  at 
the  70th  and  7.0'  at  the  73d.  From  this  point  onward  the  pitch  continues 
to  fall  slowly,  reaching  8.4"  at  the  80th  vibration  and  ending  with  about 
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In  pitch  this  ai  differs  radically  from  all  the  other  examples  ;  it  starts 
with  a  moderately  high  pitch  and  falls  continuously.  The  course  of  the 
change  in  pitch  is  indicated  in  Fig.  42,  plotted  in  the  manner  described 
for  Fig.  6. 
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There  is  the  possibility  that  the  &ll  in  pitch  in  this  word  may  have 
something  to  do  with  its  position  at  the  end  of  a  phrase.     If  the  word 
had  been  followed  by  a  long  pause,  it  would  naturally  have  fidlen  on  ac- 
count of  its  position  at  the  end  of  a  sentence ;  the  pause,  however,  was 
extremely  short  and  we  cannot  very  well  assume  a  short  pause  as  the 
equivalent  of  a  period  unless  we  give  up  the  accepted  theory  of  relation 
between  punctuation  and  time.     It  is,  nevertheless,  possible  that  this 
theory  may  have  to  be  modified  as  later  researches  have  shown  that  comma 
pauses  may  be  long  and  semi -colon  and  colon  pauses  may  be  very  short. 
I  am  inclined  to  think,  however,  that  the  true  explanation  is  to  be  found 
by  supposing  the  ai  in  ejr  to  be  a  phonetically  different  sound  from  the 
ai  in  /,  although  the  ear  may  not  clearly  distinguish  between  them. 
This  point  will  be  spoken  of  below  in  the  section  on  general  observations 
on  ai. 

Formation, — In  the  portion  from  the  beginning  to  the  43d  cord  vibra- 
tion  the  formation  resembles  that    of  the  2d  and  the  prose  examples 

of  /  in  having  a  large  secondary  resonance  vibration 
at  a  constant  distance  after  the  beginning  of  the  primary 
one  ;  this  constant  distance  represents  a  period  of  2.3*^  or 
a  frequency  of  435  (indicated  in  Fig.  43)  as  contrasted 
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with  the  period  of  3.5*^  (frequency  of  286,  Fig.  9)  for  the  former  and 
2.8'^  (frequency  of  360,  Fig.  35)  for  the  latter.  After  the  43d  vibration 
there  is  a  change  in  the  curve  indicating  a  change  in  this  large  second- 
ary ;  apparently  it  decreases  and  disappears  but  I  have  not  been  able  to 
decide  with  any  confidence  just  what  hapf)ens.  Afler  the  43d  vibration 
the  curve  resembles  that  shown  in  Fig.  25. 
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The  resonance  tone  of  the  a  has  a  period  of  about  i*'  or  a  frequency  of 
about  1000  (Fig.  10).  At  about  the  40th  cord  vibration  the  period 
begins  to  lengthen,  becoming  i.S'^  at  the  63d,  2.  i*'  at  about  the  77th,  after 
which  it  continues  to  fall  slowly  to  2.^"  at  the  end.  The  resonance  tone 
of  the  /  is  thus  on  an  average  about  the  same  as  the  lower  resonance  tone 
of  the  a  (Fig.  43). 

In  s[)ite  of  the  fact  that  the  fall  in  resonance  begins  at  about  the  40th 
vibration,  the  curve  maintains  its  typical  a  form  till  after  the  70th 
vibration.  Beyond  this  point  there  is  a  decided  difference,  which  is 
fairly  well  apparent  in  Fig.  41.  The  primary  resonance  vibration  is  of 
about  the  same  amplitude  as  that  of  the  a  but  the  secondaries  are  all 
nearly  as  large  as  the  primary.  Such  a  difference  might  possibly  be  ex- 
plained by  a  difference  in  the  action  of  the  vocal  cords.  The  following 
theory  is  proposed.  In  the  a  they  vibrate  so  that  the  air  current  is 
entirely  cut  off  at  one  point  in  each  vibration ;  the  pressure  of  the  air 
forces  them  outward  suddenly,  producing  a  strong  puff  after  which  there 
is  an  interval  before  the  cords  again  strike  and  cut  off  the  air.  This 
puff  sets  the  air  in  the  resonance  chamber  into  vibrations  that  decrease 
in  amplitude.  As  long  as  this  complete  closure  occurs,  any  increase  in 
the  force  of  expiration  will  increase  the  force  of  the  puff  and  of  the  pri- 
mary and  secondary  resonance  vibrations  in  approximately  the  same 
ratios.  Increased  force  will  change  the  amplitudes  without  essentially 
modifying  the  original  form  of  the  curve. 

During  the  /  there  is  no  such  great  predominance  of  one  resonance  vi- 
bration over  the  others ;  the  secondary  resonance  vibrations  are  nearly 
as  strong  as  the  primary.  This  is  the  case  also  in  all  the  examples  of  ai 
studied  above,  but  here  it  is  very  striking  on  account  of  the  fact  that 
the  cord  period  for  the  /  is  longer  and  not  shorter  than  that  for  the  a ; 
there  can  thus  be  no  attempt  at  explanation  of  the  strength  of  the  sec- 
ondaries by  the  assumption  of  force  gained  by  the  shortening  of  the  cord 
period.  The  explanation  rather  seems  to  lie  in  a  different  action  of  the 
cords.  The  following  theory  is  suggested.  In  the  formation  of  this  / 
the  cords  do  not  strike  or  entirely  close  the  air  passage  and  thus  the 
emission  of  air  at  the  beginning  is  strong  and  steady  rather  than  explosive  ; 
the  first  resonance  vibration  would  thus  be  somewhat  stronger  than  the 
following  ones  but  all  would  be  nearly  alike.  The  increased  force  in  the 
/  would  make  all  of  them  nearly  as  strong  as  the  primary  of  the  a  as  in 
this  word,  or  even  far  stronger  than  in  the  cases  of  /  studied  above. 

The  changes  within  this  word  are  so  gradual  that  any  assignment  of 
definite  limits  for  the  a  and  the  /  would  be  apparently  capricious.  The 
distinct  a  character  appears  to  my  eye  to  be  lost  somewhere  after  the  66th 
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vibration  and  the  distinct  /  character  to  begin  somewhere  about  the  7 2d. 
If  these  points  are  selected  as  limits — an  action  that  is  hardly  justifiable 
— the  a  would  occupy  an  interval  of  315',  the  glide  35'  and  the  /  206^. 

The  a  is  at  any  rate  longer  than  the  /, 
in  quite  a  marked  opposition  to  the  cases 
analvzed  above. 

The  changes  of  the  three  tones  in  the  / 
are  indicated  in  Fig.  44. 

Amplitude. — ^The  a  rises  from  zero  as 
usual  to  an  amplitude  of  o.  5**  at  the  x  7th 
vibration  and  remains  practically   con- 
stant to  about  the  66th  vibration,  after 
which  there  is  a  slow  decrease  to  zero  at 
the  end.     There  is  not  the  rapicjL  increase 
to  a  maximum  in  the  /  found  in  the  cases 
of  /  studied  above.     The  maximum  for  the  /  is  somewhat  less  than  that 
for  the  a.      The  course  of  the  change  is  indicated  in  Fig.  45,  which  is 
plotted  in  the  manner  described  for  Fig.  15. 
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Ending. — ^This  occurs  by  a  fall  of  the  amplitude  to  zero. 

Relation  between  curiae  and  color. — The  ear  notices  that  this  word  ap- 
pears ''weaker  than  the  preceding  /'s  and  also  than  the  cases  of  die ; 
lower  in  pitch  '*  (O.);  '*  somewhat  higher  in  pitch  than  most  of  the  I's 
but  not  so  high  as  the  immediately  following  //  a  somewhat  colorless  and 
unimportant  word,  differing  quite  from  the  modulated,  flexible  fly  just 
preceding  "  (E.  W.  S. ).  The  weakness  of  the  word  seems  related  to  the 
falling  pitch  and  the  weakness  of  the  /'.  The  words  die  and  fly  are 
considered  below.  To  the  ear  there  is  no  essential  difference  between 
the  ai  in  /and  that  in  eye,  yet  the  speaker  makes  a  difference  as  indicated 
by  the  curves  of  results  for  pitch  and  amplitude. 

ai  in  the  word  die  (first  example). 

This  occurs  in  the  phrase  U^w  saw  him  die  ?    The  word  occupies  an 
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interval  of  5 10'  of  which  47"  belong  to  d  and  463"  to  ai.     The  curve  of 
the  entire  word  is  reproduced  in  Fig.  46. 


Fig.  46. 

Beginning. — The  word  begins  with  20  vibrations  belonging  to  the  il. 
These  vibrations  have  a  period  of  a.o*  or  a  frequency  of  500.  At  the 
present  moment  it  is  impossible  to  say  whether  these  are  resonance  vibra- 
tions imposed  on  a  cord  vibration  or  separate  cord  vibrations ;  it  is  quite 
probable  that  they  are  cord  vibrations  as  they  have  no  appearance  of 
being  grouped  as  is  the  case  in  resonance  vibrations  imposed  on  cord 
vibrations. 

The  amplitude  increases  rapidly  from  zero  to  o.  3"'°  at  the  end  of  the  d. 

Immediately  after  the  strongest  vibration  of  the  d  there  follows  a  set  of 
strong  vibrations  showing  the  a  form. 

In  speaking  the  word  die  a  decided  movement  of  the  larynx  can  be  felt 
with  the  fingers;  this  would  indicate  a  considerable  difference  between 
the  tension  of  the  cords  for  d  and  that  for  a.  The  period  of  this  first 
vibration  153. 2";  its  amplitude  is  o.^"'.  The  a  thus  begins  promptly 
and  loudly,  as  might  be  expected  from  the  fact  that  the  expiration  is 
already  in  progress  and  the  cords  are  already  in  vibration.  The  pitch  of 
the  a  in  the  first  vibration  is  higher  than  in  the  subsequent  vibrations  as 
might  be  expected  on  the  assumption  that  the  cords  are  already  stretched 
to  give  a  period  of  a.o"  for  the  d,  and  must  be  relaxed  to  produce  the 
lower  tone  of  the  a.  While  this  relaxation  is  going  on,  the  cords  must  pass 
through  all  intermediate  positions  between  that  for  a  period  of  3.0'  and 
that  for  one  of  3.2'.     This  occuis  to  a  large  extent  apparently  within 


(he  lime  reiiuired  for  the  vibrations  of  the  d.  At  the  same  time  the 
mouth  is  changing  from  the  J  |K>sition  to  the  a  position.  These  facts 
seem  sufficient  lo  explain  the  cune  of  change  in  the  drawing.  Fig.  47  ; 


the  three  vibrations  on  the  left  are  the  last  of  the  d,  the  strong  one  on  the 
right  is  the  primary  resonance  vibration  of  the  fir^t  puff  of  the  a  and 
the  connecting  line  shows  the  curve  during  the  glide. 

Pitch. — The  successive  periods  of  the  cord  vibrations  are  1.8, 
4-9.  5-6.  S-3.  4-6,  4-4,  4-2,  4.»,  4-2.  4-2,  4-2.  4-i.  4-i.  40.  4-o. 
3-9.  39.  3-9.  3-9.  3  9,  3-9.  3-9-  3-9-  3-9-  3-9.  3-9'  4'.  41.  4-a. 
4.2,  4-3-  4-3.  4-3.  4-4.  4-4.  4-S.  4-5.  4-6,  4-6,  4-6.  4-6,  4.6,  4-7. 
4.7,  4-7.  4.8,  4-9.  S-",  S-i.  S-3.  5-3-  S-3.  5-3.  5-3.  5-3.  S-5.  S-7. 
6.0,  6.1,  6.3,  6.5,  6.7,  7-0,  7-a.  7-4.  7-4.  7-5.  7-6.  7-7.  8.1,  8.4, 
8.9,  9.1,  9.5,  9.8,  10.5,  10.9,  II. 2,  12.3,  13.0.  These  figures  may  be 
o.  I"  either  side  of  the  correct  values  as,  owing  to  instrumental  difficul- 
ties, the  curves  could  not  be  read  to  a  smaller  unit  than  o.  i"". 

The  pitch  thus  quickly  descends  from  the  tone  of  500  vibrations  for  the 
(/to  one  of  179,  then  ascends  to  one  of  257  and  then  again  descends 
slowly  to  the  very  low  one  of  77.  These  changes  are  shown  in  Fig.  48, 
which  is  ])lottcd  like  Fig.  6. 


Fin.  48. 

■naliori. — 'i"he  a  portion  of  the  curve  resembles  that   of  /,  ist  ex- 
p.  17.     The  resonance  vibration  in  the  first  part  has  a  period  of 
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I*'  or  a  frequency  of  1000,  as  in  the  first  /,  p.  18,  Fig.  10.  At  about  the 
40th  cord  vibration  it  is  lengthened  to  1.4*^,  at  the  55th  to  i.6<^,  at  the 
5Sth  to  1.8*' ;  after  this  it  changes  slowly  reaching  2.\^  at  the  75th  and 
increasing  but  little  more  to  the  end  at  the  86th. 

At  about  the  5 2d  vibration  the  curve,  while  still  retaining  the  a  form, 
appears  to  begin  to  take  on  the  /  character  as  described  on  p.  19  ;  the  / 
character  appears  fairly  complete  at  about  the  57th  vibration.  Although 
no  definite  limits  are  to  be  made,  we  can  assign  very  roughly  240*^  to 
the  a  and  220^^  to  the  /,  or  about  half  of  the  time  to  each. 

No  trace  of  a  strong  secondary  resonance  vibration  in  the  a  portion 
can  be  detected.  The  a  starts  at  a  jntch  too  high  for  the  lower  reso- 
nance tone  found  in  the  previous  cases,  but  even  after  the  pitch  has  fallen 
this  tone  seems  to  be  absent. 

A  rather  peculiar  distribution  of  amplitude  among  the  resonance  vibra- 
tions can  be  seen  in  the  a  portion  in 
Fig.  46.  Although  the  puff  for*  the 
cords  is  strong  and  sudden,  as  indicated 
by  the  large  abrupt  primary  resonance, 
yet  the  force  of  the  puff  is  not  so  quickly 
exhausted  as  in  previous  cases,  as  indi- 
cated by  the  greater  size  of  the  follow- 
ing resonance  vibrations.  The  second 
case  of  liic  (below)  resembles  this  one 
in  this  respect. 

The  changes    in  pitch    of  the   two 
J  ones  of  this  ai  are  indicated  in  Fig.  49. 

Am[^litudc. — The  vibration  begins  with  an  amj)litude  of  0.3™™  for  the 
{primary  resonance  vibration  which  becomes  0.4"""  at  about  the  35th  vi- 
bration :  it  sinks  thereafter  very  slowly  to  zero  at  the  end.  The  maximum 
ani[)lilude  is  thus  found  in  the  a  and  there  is  no  such  sudden  rise  as  is 
found  in  all  the  cases  of/  above.  The  course  of  change  is  indicated  in 
Fig.  50  plotted  like  Fig.  15. 


•n. 


Fid.  49. 
Resonance  tone. 
Cord  tone. 
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Ending. — The /ends  with  a  fall  in  both  pitch  and  amplitude,  indicating 
simultaneous  relaxation  of  the  cords  and  the  respiratory  pressure. 

Reiation  befwetn  curve  and  color, — The  effect  on  the  ear  is  that  of  "  more 
emphasis  at  the  beginning  with  decrease  toward  the  end  "  (O,  and  E.  W. 
S.)-  The  high  pitch  of  the  rfand  the  a  at  the  start  seem  to  correspond 
to  the  word-color, 

at  in  the  word  die  (ad  example). 

This  occurs  in  the  phrase  /  saw  kirn  die.  The  entire  word  occupies  an 
interval  of  504*1  of  which  28"  can  be  assigned  lo  the  d  and  476'  to  the 
ai.     The  entire  curve  is  reproduced  in  Fig.  51, 


Fig.  51. 

Beginning. — The  word  begins  with  1 1  vibrations  rapidly  increasing  in 
amplitude  from  o  to  0.4"  and  having  a  constant  period  of  2.$',  or  fre- 
quency of  400.  These  are  the  vibrations  for  the  d ;  they  resemble  those 
oi  die,  ist  example,  p.  39. 

The  sudden  fall  in  pitch  after  the  d  is  quite  marked.  The  d  curve  is 
lost  at  once.  The  following  interval  of  7'  can  hardly  be  said  to  be  the 
first  vibration  of  a  as  its  secondaries  are  very  irregular  in  form ;  during 
this  interval  the  mouth  is  changing  from  the  d  shape  to  the  a  shape.  The 
peculiar  form  of  the  vibration  is  well  shown  in  Fig.  51  ;  the  secondaries 
of  the  first  few  a  vibrations  are,  however,  slightly  more  prominent  than 
in  the  original  curve. 

FiUh. — The  successive  vibrations  of  a/ occupy  periods  measuring  8.4, 
7.7,  4.6,  4-2,  4-2.  4-6>  4-'>,  4-6,  4-6,  4-6,  4-6,  4-6,  4-9>  S-3.  5-3.  5-3. 
4-9.  4.9,  5-3.  S-3.  S-3.  53.  5-3-  S-3.  5-3.  5-3.  5-6.  5-6.  5-6.  6-«.  6.0, 
6.3.  6.7,  6.3,  6.0,  6.3,  6.3,  6.7,  7.0,  7-0.  7-0.  70,  7.4,  7-7.  7-7.  7-7, 
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8.4,  8.4,  8.4,  9.0,  9.5,  10.5,  10.5,  10.5,  II. 2,  II. 6,  12.3,  12.3,  12.3, 
13.0,  14.0,  14.0,  14.7,  15.8,  15.8,  15.8,?.  As  previously  explained 
p.  13,  these  figures  may  be  in  error  by  one  or  two  tenths  of  a  sigma,  or  in 
ten -thousandths  of  a  second.  The  pitch  of  the  cord  tone  thus  descends 
as  low  as  a  frequency  of  63.  The  general  course  of  pitch  is  shown  in 
Fig.  52  plotted  like  Fig.  6. 
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Fig.  52. 


Formation, — The  a  curve  differs  from  that  of  most  cases  of  ai  in  hav- 
ing less  difference  between  the  first  resonance  vibration  and  the  rest ; 
the  first  and  second  are,  in  fact,  of  almost  equal  intensity.  This  would 
indicate  a  more  gradual  opening  of  the  cords  with  less  explosive  effect. 
The  a  thus  does  not  differ  so  much  from  the  /  as  in  most  cases.  Another 
case  of  /'  like  this  is  found  in  the  first  ex- 
ample of  i/ie  (above)  and  in  thy  (below). 

The  resonance  vibration  in  the  a  has  a 
period  of  i*'  or  a  frequency  of  1000  at 
the  start  (Fig.  10).  It  falls  steadily, 
reaching  a  period  of  1.4*^  around  the 
20th  vibration,  1.8*^  around  the  40th, 
and  2.  I*'  around  the  60th,  which  is 
maintained  to  the  end.  There  is  no 
indication  of  a  lower  resonance  tone. 

The  curve  changes  from  the  a  form  so 
gradually  to  the   /  form  that  it  is  quite 

impossible  to  place  any  dividing  lines ;    each  element  of  the  diphthong 
may  be  said  roughly  to  occupy  half  the  total  time. 

The  changes  of  the  two  tones  are  indicated  in  Fig.  53. 

Amplitude, — The  amplitude  of  the  strongest  resonance  vibration  be- 
gins at  0.3  and  is  maintained  with  fair  consistency  for  about  half  the  ai  \ 
after  this  it  slowly  falls  to  zero.  This  curve  is  given  in  Fig.  54  plotted 
like  Fig.  15. 


Fig.  53. 

Resonance  tone. 
Cord  tone. 
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Emiing. — The  /  ends  with  a  fait  in  both  pitch  and  amplitude,  indi- 
cating 2.  simultaneous  relaxation  of  the  cords  and  the  respiratory  pressure. 

Relation  httiL'fen  curve  ami eolor. — To  the  ear  "it  does  not  rise  to  a 
high  pitch  but  starts  with  it  and  maintains  it  better  than  the  other  word 


die''    (O.);  "it  starts  high  and   steadily   falls"   (E.  W.   S.).     The 
apparent  high  start  is  probably  due  to  the  pitch  of  the  d. 

ai  in  the  word  fiy. 

This  occurs  in  the  phrase  /,  said  the  fly.     The  curve  for  ly  occupies  an 


interval  of  489"  of  which  25'  belong  presumably  to  the  /  and  464'  to 
the  ai.  The  curve  is  given  in  Fig.  55.  It  is  followed  by  a  silent  inter- 
val of  371"  which  is  longer  than  the  comma  pauses  mentioned  above 
(p.  16)  and  shorter  than  the  full  stop  (pages  12,  35). 
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Beginning. — No  specific  details  concerning  the /can  be  derived  from 
the  curve.  The  strong  vibrations  just  preceding  those  of  the  a  are  pre- 
sumably from  the  /  sound.  They  rise  rapidly  in  intensity  and  greatly  re- 
semble those  of  the  d  in  the  two  cases  of  die  above ;  their  period  is  \,(f 
and  their  frequency  526. 

Immediately  after  the  last  vibration  of  the  /  there  follows  a  short  <z  vi- 
bration with  primary  resonance  vibrations  not  so  strong  as  in  the  follow- 
ing ones.  The  cord  adjustment  seems  not  to  be  perfected  for  the  a  till 
the  second  characteristic  a  vibration  occurs  ;  this  is  well  shown  in  Fig.  55. 

The  a  begins  promptly  and  loudly  after  the  /. 
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Fig.  56. 

Pitch, — ^The  successive  periods  of  the  cord  vibrations  are  6.0,  6.3,  6.3, 
6.3>  6.3,  6.3,  6.7,  6.7,  6.7,  6.7,  6.7,  6.7,  6.7,  6.7,  6.7,  6.7,  6.3,  6.3, 

6.3 

5-3 
4.2 

3-9 

4.2 


1^ 


6.0,  6.0,  6.0,  6.0,  6.0,  5.8,  5.8,  5.8,  5.8,  5.6,  5.6,  5.6,  5.4,  5.3, 

5-3>  5-3>  4-9>  4«9>  4-9>  4-9>  4-9>  4-9>  4-9>  4-9>  4.2,  4.2,  4-2,  4.2, 
4.2,  4.2,  4.2,  4.2,  4.2,  4.2,  4.2,  4.2,  4.2,  3.9,  3.9,  3.9,  3.9,  3.9, 

3-9>  3-5>  •   •  •    (retaining  this  period  for  27  vibrations)  .   .   .,3.9, 
4.2,  4.6,  4.6,  4.6,  4.6,  4.6.     There  is  a  rather  sudden,  though 
small,  change  in  period  from  4.9  to  4.2  ;  this  occurs  at 
the  irregular  place  a  little  to  the  left  of  the  middle  of  the 
fourth  line  of  the  curve  in  Fig.  55.     This  is  due  presum- 
ably to  a  rather  sudden  tightening  of  the  cords  for  the  /. 
The  course  of  change  in  pitch  is  shown  in  Fig.  56,  which       Fig.  57. 
is  plotted  like  Fig.  6. 

formation. — The  a  portion  of  the  curve  resembles  that  of  the  2d  ex- 
ample of  /  (p.  22),  with  a  specially  strong  secondary  resonance  vibra- 

^     ^ tion  at  3.9*'  after  the  primary,  representing  a  tone  with 

||ijf     "  P  ^^  a  frequency  of  256.     This  is  lower  than  in  any  of  the 
ivy  ^j   prgyious  cases  (Fig.  57). 

P       ^  The  resonance  tone  begins  with  a  period  ot  1.6^  or  a 

frequency  of  about   625   (approximately  as  in   Fig.  58). 

This  falls  slowly  reaching  1.8*^  at  about  the  35th  vibration,  2.0  at  about 

the  40th,  2.2  at  about  the  50th,  and  2.5  at  the  end.     This  indicates  a 

resonance  tone  about  the  same  as  that  of  /  in  eye  (p.  36,  Fig.  43). 
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The  change  from  a  to  /  proceeds  in  general  as  in  all  the  other  cases 
but  the  change  in  curve-form  seems  a  little  more  marked.  It  may  be 
said  to  occur  at  the  43d  vibration,  or  301'  after  the  beginning  and  163' 
before  the  end. 

The  changes  in  the  three  tones  are  indicated  in  Fig.  59. 

Amplitude. — The  a  b^ns  with  an  am- 
plitude of  0.2""  for  the  strong  resonance 
vibration  in  the  first  puff  from  the  cords, 
0.3**  for  that  in  the  second  puff  and  rises 
quickly  to  0.3^^"".  After  remaining  fairly 
constant  for  a  while,  it  becomes  o.  3**  toward 


Fig.  59.  the  end  of  the  a.     In  the  first  part  of  the  / 

Upper  resonance  tone,     it  rises  to  0.4"",  after  which  it  gradually  fells 

Lower  resonance  tone,    to  zero  at  the  end.    The  change  of  amplitude 

Cord  tone.  shown  is  in  Fig.  60,  which  is  plotted  like 

Fig.  15. 
Ending. — The  /  ends,  like  most  of  the  cases  examined,  in  a  combined 

fall  in  pitch  and  intensity. 

Relation  between  curve  and  color, — To  the  ear  this  word  has  a  fell-and- 

rise  of  intonation  like  that  of  ivell  and  j^x  in  such  dubitative  as  IVeil^  you 

may  do  so  if  you  wish,  but  I  wouLi  prefer  not.    Yes^  it  may  very  well  be  true 

although  we  have  no  evidence  for  it  (O.  and  E.  W.  S. ). 


Fig.  60. 

The  word  Jiy  appears  to  sink  and  then  rise  in  intonation  to  a  greater 
degree  than  the  corresponding  words  sparrow,  fish,  etc.  This  fall- 
and-rise  is  due  to  the  fall  from  a  tone  of  the  frequency  526  of  the  /  to 
one  of  160  at  the  beginning  of  the  a  and  then  the  rise  in  the  a  and  /  as 
shown  in  Fig.  56.  Probably  the  reason  for  the  rise  in  the  /  is  to  be 
found  the  rising  intonation  usual  in  English  at  the  end  of  a  parenthetical 
clause  ;^  that  the  clause  said  the  fly  is  such  a  one  inserted  in  the  statement 
/,  with  my  little  cye^  I  saiu  him  die  seems  indicated  also  by  the  fact  that 
the  silent  interval  after y^v  is  less  than  that  usual  for  a  period.  If  said 
the  fly  were  not  parenthetical,  there  would  probably  be  a  longer  pause 

»  Swp:et,  New  English  Grammar,  g  1946,  Oxford  1898. 
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after  ^r  and  it  would  have  a  falling  instead  of  a  rising  intonation.  In 
this  case  the  lines  would  read:  Who  saw  him  diet  I,  said  the  fly  . 
With  my  little  eye  I  saw  him  die.  If  special  weight  is  to  be  given  to  the 
falling  intonation  of  eye  (p.  56)  as  opposed  to  the  brevity  of  the  pause 
after  it,  then  eye  would  be  considered  as  ending  a  phrase.  The  reading 
required  by  the  intonations  of_^  and  eye  would  thus  be  :  Wlw  saw  him 
die?  I,  said  the  fly  ,  with  my  little  eye".  I  saw  him  die. 
ai  in  the  word  thy  (first  example). 

The  word  occurs  in  the  phrase  Halloived  be  thy  name  on  the  gramo- 
phone record  plate  described  on  p.  15.  Much  of  the  work  on  this  word 
has  been  done  by  Miss  E.  M.  Comstock.  The  entire  curve  is  repro- 
duced in  Fig.  6r. 

The  time  occupied  by  the  word  is  505.8'.  It  is  preceded  by  a  silent 
interval  of  73.5".  It  is  followed  by  an  interval  of  145.3'  before  any 
trace  of  the  »  of  the  following  word  appears. 


Beginning- — The  word  begins  with  7  vibrations  belonging  to  the  th. 
These  vibrations  have  a  period  of  2.5'  or  a  frequency  of  400.  These  are 
probably  cord  vibrations  for  the  same  reasons  as  given  in  the  case  of  d  in 
die,  p.  39.  The  amplitude  increases  rapidly  from  zero  to  0,2"""  at  the 
end. 

Immediately  after  the  la.st  vibration  of  tk  there  follows  the  first  strong 
vibration  of  the  set  showing  the  a  form.  The  beginning  of  the  a  is  thus 
prompt  and  loud. 

Pitch. — The  successive  periods  of  the  cord  vibrations  in  the  ai  are 
7.0,  7.0,  7.4,  7.0,  6.7,  6.7  which  is  maintained  with  slight  fluctuations 
to  ihe  end  of  the  word.     The  sudden  lengthening  of  the  cord  period 
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(that  is,  the  lowering  of  pitch)  at  the  start  is  {>eculiar ;  it  is  made  sp>ecially 
so  because  it  is  accompanied  by  a  sudden  rise  in  the  pitch  of  the  reso- 
nance tone  (see  below). 

Formation, — ^The  vowel  portion  of  the  curve  shows  throughout  its 
whole  length  a  common  character.  This  character  is  that  of  a  group  of 
resonance  vibrations  imposed  on  each  of  a  series  of  cord  vibrations.  In 
the  earlier  portion  these  resonance  vibrations  are  not  of  equal  ampli- 
tude while  in  the  later  portion  they  are  very  nearly  so.  In  the  earlier 
portion  there  is  a  strong  primary  resonance  vibration  followed  by  three 
secondary  resonance  vibrations  (making  a  total  of  four  resonance  vibra- 
tions) except  in  the  first  two  cord  periods  where  there  arc  only  two  secon- 
daries after  the  primary  (making  a  total  of  three).  This  first  portion  of 
the  curve  resembles  that  of  an  ^z  but  differs  in  having  less  difference  be- 
tween the  primary  and  the  secondary  resonance  vibrations ;  in  this  fact  it 
resembles  the  typical  /. 

At  the  40th  vibration  the  number  of  resonance  vibrations  has  changed 
from  four  to  three,  showing  a  strong  initial  vibration  followed  by  de- 
creasing ones  with  a  pause  before  the  initial  vibration  of  the  next  pufif. 
The  typical  a  of  the  preceding  examples  appears  here  strongly. 

The  i  vibrations  may  be  said  to  begin  in  the  44th  with  three  resonance 
vibrations  of  almost  equal  strength,  the  initial  vibration  being  slightly  the 
stronger. 

In  the  latter  portion  there  are  3  resonance  vibrations  to  every  cord 
vibration  ;  the  curve  is  that  of  a  weak  /  of  the  kind  seen  in  eye,  P-  37- 

If  these  vibrations  just  mentioned,  namely  the  40th  and  the  44th,  may 
be  considered  as  limits,  the  a  may  be  said  to  occupy  an  interval  of  25S.3*', 
the  glide  an  interval  of  19.6  and  the  /  an  interval  of  2io.o«'.  This 
subdivision,  however,  is  rather  a  questionable  procedure. 

The  resonance  tone  in  the  first  portion 

^  begins  with  a  period  of  2.1 '^  or  a  frequency 

"" of  476  which  immediately  rises  to  i.y^'or 

a  frequency  of  about  588  in  the  third  vibra- 

tion.     The  period  then  changes  steadily  to 


Fig.  62.  i*<f  at  the  40th  vibration;  it  becomes  2.4<^ 

Resonance  tone.        at  about  the  44th  and  remains  constant  to 

Cord  tone.  the  end.     The  sudden  rise  of  the  resonance 

tone  at  the  start  is  accompanied  by  an 
equally  sudden  fall  of  the  cord  tone  (see  above).  It  seems  tnaural  to 
infer  that  the  resonance  cavity  of  the  mouth  for  the  d  must  have  been 
lower  than  that  required  for  the  a. 

There  is  no  trace  of  a  lower  resonance  tone  as  described  on  p.  23. 
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^  The   changes   in   the   tones   of   thy  are       § 

l/L  L  J    ^   sketched  in  Fig.  62.     In  general  the  reson-    ML    p     3 

l\y  J  ance  tone  of  the  a  can  be  said  to  be  one  of    Tr-^^^^-^ 

Fig.  63.       588  vibrations  or  approximately  as  indicated       Fig.  64. 

in  Fig.  63,  and  that  of  the/  to  be  of  416 

vibrations  or  as  in  Fig.  64. 

Amplitude. — The  primary  resonance  vibration  on  the  first  cord  vibra- 
tion of  the  ai  has  an  amplitude  of  0.1^°"".     Up  to  about  the  50th 
cord  vibration  the  amplitude  fluctuates  between  0.1"°  and  0.2°";  after 
that  it  gradually  falls  to  zero.      The  fluctua- 
tions may  be  due  to  interference  of  the  re- 
sonance vibrations.  The  course  of  amplitude 
is  indicated  in  Fig.  65  which  is  a  sketch  and  Fig.  65. 

not  a  careful  plot  like  Fig.  15. 

Ending. — The  word  ends  by  a  fall  of  intensity  with  maintenance  of 
the  cord  tension  (p.  31). 

Relation  between  curve  and  color. — ^The  sound  of  this  word  thy  as  taken 
from  the  record  appears  to  the  ear  '*  higher  and  shorter  than  the  second 
example ;  varying  more  in  pitch,  rising  rapidly  at  first  and  then  falling  '  * 
(E.  M.  C. )  ;  "high  and  short  when  compared  with  the  second  one" 
(E.  W.  S.). 

The  measured  results  show  a  shorter  word  of  higher  pitch  than  the 
second  example.  There  is  a  slight  rise  at  the  start  but  no  fall.  The 
following  word  name  is  much  lower  in  pitch. 

ai  in  the  word  thy  (second  example). 

The  second  example  of  thy  occurs  in  the  phrase  Thy  kingdom  come. 
A  reproduction  of  the  curve  is  given  in  Fig.  66.  Most  of  the  work  on 
this  word  has  been  done  by  Miss  E.  M.  Comstock. 

The  curve  for  this  word  shows  6  faint  vibrations  at  the  beginning. 
These  belong  presumably  to  the  ///  and  correspond  to  the  strong  vibra- 
tions of  ///  in  the  first  thy,  and  of  d  in  die.  In  contrast  with  the  cases 
just  mentioned  these  vibrations  are  so  weak  that  little  can  be  said  about 
them  definitely  except  that  their  period  is  2.4*^.  It  is  just  possible  that 
they  may  belong  to  the  first  cord  vibration  of  the  a ;  this  is  suggested  by 
the  fact  that  the  period  is  the  same  as  that  of  the  resonance  tone  of  the 
a.  Although  the  matter  is  doubtful,  we  have  assigned  the  beginning  of 
the  a  to  the  end  of  these  vibrations. 

The  ai  in  this  word  occupies  an  interval  of  1085*^.  It  is  preceded  by 
a  silent  interval  of  2100*^,  represented  by  a  period  and  including  possibly 
a  short  time  for  the  th.  It  is  followed  by  a  silent  interval  of  324*^  which 
undoubtedly  represents  the  gutteral  k. 
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Pitch. — Begining  with  a  period  of  11.9"  the  cord  tone  changes  slowly, 
reaching  8.4  at  the  10th  vibration,  7.7  at  the  20th,  7.4  at  the  30th,  and 
7.0  at  the  60th,  which  it  maintains  to  the  end. 

Formation. — The  curve  of  the  a  differs  from  most  of  the  cases  of  the 
at  studied  above  in  regard  to  the  resonance  vibrations.  The  first  reso- 
nance vibration  for  each  cord  vibration  is  followed  by  a  second  one 
nearly  as  strong  and  this  by  a  third  one  somewhat  weaker,  whereas 
in  the  previous  cases  there  was  one  resonance  vibration  greatly  exceed- 
ing the  rest  in  amplitude.     The  curve  suggests  a  more  gradual  opening 


of  the  cords  and  a  less  explosive  effect ;  the  cord  action  in  this  «  may 
be  supposed  to  somewhat  resemble  that  in  the  /  as  explained  on  p,  37. 

There  is  no  strong  secondary  of  the  kind  described  on  p.  23.  The 
a  thus  resembles  the  a  in  die  and  thy  (above)  rather  than  that  in  /in 
showing  no  evidence  of  a  strong  lower  resonance  tone. 

The  resonance  vibration  in  the  first  part  of  the  word  shows  a  period  of 
2.4".  It  rises  to  1.6  at  the  20th  cord  vibration  falls  to  1.9  at  the  50th, 
2.2  at  the  70th,  2.5  at  the  90th,  and  3.5  at  the  end.      This  curious 
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rise  of  the  resonance  vibration  during  the  a  has  not  been  observed  in  any 
of  the  previous  cases.  The  rise  and  fall  are  so  gradual  that  it  is  impos- 
sible to  decide  on  any  place  as  the  turning  point  between  them.  For 
the  same  reason  it  is  impossible  to  divide  the  word  into  a,  glide  and  /. 
In  the  earlier  portion  the  typical  a  form  is  distinctly  seen  in  the  curve 
and  in  the  latter  portion  the  typical  /  form,  but  the  main  portion  shows 
a  gradual  passage  from  the  former  to  the  latter.  There  is  no  sudden  in- 
crease in  amplitude  as  in  nearly  all  the  /*s  studied. 

The  changes  in  the  two  tones  of  ai  are  indicated  in  Fig.  67.  It  will 
be  noticed  that  the  resonance  tone  of  the  a  begins  on  the  same  pitch  as 
the  tone  of  the  d. 


.^ 


Fi(f.  67. 

Resonance  tone. 
Cord  tone. 


Amplitude. — The  amplitude  runs  from  o.  i""  in  the  first  part  of  the 
word  to  0.2"^  at  the  30th  vibration,  falls  to  o.i"°*  at  the  50th,  in- 
creases to  2.5°°*  at  the  70th,  maintains  this  figure  to  the  80th  and  gradu- 
ally falls  to  zero.     The  change  in  amplitude  is  indicated  in  Fig.  dZ, 

Ending, — The  sound  ai  ends  by  a  fall  of  amplitude,  the  respiratory 
pressure  gradually  ceasing  while  the  cords  are  still  tense. 

Relation  between  curve  and  color. — To  the  ear  this  word  "  is  longer  and 
more  mellow  than  the  first  example  *'  (E.M.C.)  ;  '*  begins  low  and  rises 
with  considerable  inflection  as  compared  with  the  first  example  * '  (E.W.S. ). 


Fig.  68. 

The  measured  results  show  a  very  long  word,  beginning  very  low  and 
rising  in  pitch. 

General  observations  on  ai. 

The  ai  in  the  cases  studied  above  is  to  be  considered  as  a  union  of 
two  speech  sounds,  that  is,  as  a  diphthong. 

The  family  of  sounds  represented  by  ai  contains  many  members  that 
differ  greatly  in  their  characters.     This  is  true  of  the  same  speaker  on  a 


52  E,    IV,  Scripture, 

single  occasion;   the  changes   for  different   speakers  and   for  the   same 
speaker  on  different  occasions  may  be  left  out  of  consideration  at  present. 

The  first  sound  in  ai  in  words  like^,  my,  thy,  etc.,  is  generally  stated 
to  be  an  dr  (as  \xi  ah)  which  inclines  toward  the  mixed  oe,  that  is,  the 
vowel  sound  heard  in  burn  and  about ;^  it  may  even  shade  into  the  palatal 
a  (as  in  man,faty  while  in  some  cases  it  has  a  tendency  to  broadening, 
even  to  o  {not)  as  in  the  Irish.'  These  statements  all  refer  to  British 
forms  of  pronunciation. 

The  second  sound  in  ai  as  in  ^  is  said  to  be  a  very  open  /,  something 
between  the  /  in  kin  and  the  e  in  ken,^ 

The  diphthong  ai  cannot  contain  the  vowel  I  as  in  keen  or  /  as  in  kin. 
By  holding  down  the  tongue  and  lower  jaw  with  a  pencil  it  is  not  possible 
to  pronounce  either  keen  or  kin,  whereas  there  is  no  difficulty  in  saying/. 
It  seems  rather  to  be  the  vowel  sound  heard  in  the  last  syllable  of  foxes. 

The  sounds  given  above  as  the  British  pronunciation  of  ai  do  not,  to 
my  ear,  correctly  represent  the  North  Atlantic  form  as  heard  in  the  region 
around  New  York.  In  this  speech  the  first  sound  of  ai  seems  to  be  a 
somewhat  short  a  (as  in  father) .  Both  pronunciation  and  curve  indicate 
it  to  be  like  the  a  in  parson,  below.  A  similar  judgment  by  the  ear 
has  been  given  by  Grandgent.* 

In  its  first  half  the  North  Atlantic  ai  (as  in  /,  eye)  seems  to  resemble 
the  average  German  ai  with  a  distinct  a  ( father)  sound.  The  second 
half  seems  to  be  different  in  the  two  cases.  For  the  sake  of  comparison 
several  cases  of  ai  were  examined  in  some  records  which  were  traced  off 
with  the  machine  described  on  p.  lo  but  with  a  shorter  recording  lever. 
Various  words  like  ein,  weisser,  Eis,  Zeiten,  Schein,  etc.,  were  closely 
studied  in  the  tracings  from  Record  No.  1500,  Die  Lorelei  and  Der  Fich- 
tenbauffi,  by  W.  L.  Elterich.  When  examined  under  the  magnifying 
glass,  the  a  portion  of  the  record  showed  in  most  cases  curves  analogous 
to  those  in  the  cases  of  /,  whereas  the  /  portion  was  extremely  weak. 
This  peculiarity  of  the  weak  /  in  the  German  ai  and  the  very  strong  /  in 

>  ViETOR,  Elemente  d.  Phonetik,  3.  Aufl.,  95,  loi,  Leipzig  1894. 
Sweet,  Handbook  of  Phonetics,  9,  Oxford  1877. 
Storm,  Englische  Philologie,  2.  Aufl.,  358,  Leipzig  1892. 

2  Storm,  Englische  Philologie,  2.  Aufl.,  142,  Leipzig  1892. 

Lloyd,  Speech  sounds  ;   their  nature  and  causation^  Phonet.  Studien,  1892  V  263 ; 
also  a  review  on  p.  87  of  the  same  volume. 

3  Sweet,  History  of  English  Sounds,  21,  Oxford  1888. 

<  ViETOR,  Elemente  der  Phonetik,  3.  Aufl.,  95,  Leipzig  1894. 
Storm,  Englische  Philologie,  2.  Aufl.,  103,  358,  Leipzig  1892. 
Lloyd,  Review  in  Phonet.  Studien,  1892  V  87. 
*Grandgent,  English  in  Americay  D.  neueren  Sprachen,  1895  II  446. 
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most  cases  of  the  American  ai  gives  the  foraier  the  effect  of  containing  a 
longer  a.  It  must  be  noted,  however,  that  many  sounds  usually  treated 
as  the  same  are  really  different.  Thus  the  vowel  in  weiss  in  Ich  weiss 
nicht  was  solles  bedeuten  gives  a  curve  differing  greatly  in  character  from 
that  of  weisser  and  the  other  words  mentioned  above.  Again,  some  of  the 
cases  of  the  American  ai  rep>orted  above  show  z.  weakening  of  the  / 
that  indicates  a  tendency  toward  the  German  form.  The  details  of  the 
work  now  being  done  on  the  German  a/ will  appear  on  a  future  occasion. 

It  has  been  pointed  out  that  the  quality  oi  ai  is  different  in  a  strongly 
accented  syllable  from  what  it  is  in  a  less  accented  one,  as  can  be  readily 
heard  by  comparing  the  two  a/'s  in  likewise}  This  difference  is  perhaps 
analogous  to  that  found  to  exist  between  /  and  the  words  eye,  die^  fly, 
and  thy. 

The  two  chief  sounds  of  ai  are  generally  said  to  be  joined  by  a  rapid 
glide,  which  is  not  acoustically  of  much  effect  except  to  produce  the 
impression  of  continuity.'  Yet  it  has  been  asserted  that  such  a  diph- 
thong consists  in  an  even  and  gradual  change  of  the  vowel  from  begin- 
ning to  end.'  The  above  analyses  show  that  the  ai  is  not  the  sum  of  the 
two  vowels  a  and  /'  but  an  organic  union  into  a  new  sound  ai.  Thus, 
there  is  no  necessary  pause  or  sudden  change  of  intensity  or  change  in 
pitch  or  even  change  in  character.  The  later  sound  shows  its  influence 
in  the  earlier  one,  and  the  earlier  one  keeps  its  influence  far  into  the  later 
one.  This  is  what  would  be  expected  on  psychological  grounds.  The 
speaker  does  not  think  and  speak  of  two  sounds  separately  but  of  only 
one ;  the  execution  of  this  one  idea  by  two  distinct  processes  would  be 
unusual.  The  various  degrees  of  perfection  of  the  synthesis  of  the  two 
elements  would  correspond  to  various  expressive  characters  of  the  resulting 
sound. 

The  degree  of  synthesis  of  the  two  elements  would  be  lessened  by  any 
great  or  sudden  change  in  intensity,  pitch  or  character  of  the  cord  tone 
or  the  resonance  tone.  In  some  of  the  cases  of  ai  there  are  greater 
changes  than  in  others. 

In  so  far  as  they  can  be  considered  to  be  constant,  the  resonance  tones 

in  these  cases  of  the  a  and  the  /  were  found  to  be  as  in  Table  I.     These 

results  may  be  compared  with  those  of  other  observers  ;  this  is  done  in 

Table  II. 

1  Bell,  Visible  Speech,  113,  London  1867. 

SwKET,  Primer  of  Phonetics,  76,  §204,  Oxford  1890. 

Storm,  Englische  Philologie,  2.  Aufl.,  358,  405,  424,  Leipzig  1892. 

«  Lloyd,  Review  in  Phonet.  Studien,  1892  V  83. 

Storm,  Englische  Philologie,  2.  Aafl.,  304,  Leipzig  1892. 

3  SoAMES,  Introduction  to  Phonetics,  53,  London  1891. 
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Table  I. 

Lower 

resonance  tone. 

Upper  resonance  tone 

/,  1st  example 

286 

xooo 

/,  2d       ** 

286 

XCX)0 

/,  3d       " 

286 

1000 

/,  4th      " 

286 

xooo 

/  ( / caught  his  blood) 

l^S 

xooo 

ly  prose  example 

360 

1000 

Eye, 

435 

xooo 

Die,  1st  example 

1000 

Die,  2d       ** 

1000 

My, 

256 

625 

Thy,  1st  example 

588 

Thy,  2d       " 

% 

416 

/,  1st  example 

I 
450 

/,  2d       ** 

555 

/,  3d       " 

500 

/,  4th      " 

400 

/,  prose  ** 

360 

Eye 

400 

Die,  1st  example 

473 

Die,  2d        ** 

473 

/ 

Fly 

400 

Thy,  1st  example 

416 

Thy,  2d        »* 

288 

When  allowance  for  the  individualities  of  different  speakers  is  made, 
the  two  resonance  tones  that  I  have  found  for  the  a  agree  quite  well  with 
the  tones  found  by  other  observers.  The  serious  differences  among  these 
observers  can  be  partially  explained  on  the  supposition  that  some  have 
found  the  lower  tone  and  some  the  upper  one. 

Although  the  /  in  ai  is  not  the  ordinary  long  /,  its  resonance  tone  shows 
some  agreement  with  those  of  a  few  observers.  The  higher  resonance 
tone  noted  by  other  observers  was  also  probably  present  in  the  /  but  it 
was  impossible  to  measure  it  in  the  examples  studied  above  (p.  20). 

Particular  emphasis  must  be  laid  on  the  fact  that  the  tones  in  a  vowel 
are  not  constant  factors  and  that  the  changes  they  undergo  from  instant 
to  instant  are  presumably  highly  important  in  producing  its  peculiar  char- 
acter. Only  two  previous  investigators  have  observed  the  change  in  the 
cord  tone  and  no  one  seems  to  have  suspected  a  possible  change  in  the 
resonance  tone. 
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Table  II. 


a 
Lower  resonance  tone. 


a  in 


/(E.  W.  S.) 

^1 

/{E.  W.  S.) 

/•#»    g' 

Eye{Y..  W.  S.) 

a^ 

i9/>(E.  W.  S.) 

/?V(E.  W.  S.) 

r» 

r/i/CE.  W.  S.) 

^« 

r>4y(E.  W.  S.) 

g'^ 

tf  (Willis) 

d%p 

a  (Bonders) 

b^ 

a  (Hei.mholtz) 

d^ 

a  (KOENIG) 

b^ 

a  (AUERBACH) 

a\P,b^ 

a  (Trautmann) 

P.g' 

a  (Pipping) 

^-^» 

a  (Hermann) 

P.g' 

a  (Storm) 

c%di,/%ai 

a  (Boeke) 

/%^ 

ai  (Boeke) 

b» 

a  (Bevier) 

^«-ir»# 

•  • 

{  m 

i 

/(E.  W.  S.) 

/»#  to  ^«b 

i5>^(E.  W.  S.) 

g'^ 

Die  (E.  W.  S.) 

b^\f 

Fly  ( E.  W.  S. ) 

g'^ 

7'>4y(E.  W.  S.) 

a»b,  ? 

i  (Bonders) 

/» 

1  (Hei.mholtz) 

/+^* 

i  (Koenig) 

^ 

1  (Auerbach) 

r3,/l 

i  (Trautmann) 

/S^ 

/  (Pipping) 

jc^-d^ 
\c^-d* 

1  (Hermann) 

^#-^ 

1  (Storm) 

•     /  T \ 

Upper  resonance  tone. 

bi 
b^ 
bi 


^«-^ 


/  (Lloyd) 


b-^  +  d^ 


The  rise  of  pitch  in  the  cord  tone  of  the  vowel  a  has  been  observed  by 
Boeke*  to  have  extended  over  more  than  half  a  tone  in  words  like  Vader 

*  Boeke,  Mikroskopische  Phonogrammsttidien^  Arch.  f.  d,  ges.  PhysioL   (Pfluger), 
1891  L  301. 
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(Dutch).  Marichelle  makes  the  following  observations  on  his  phono- 
graph records  of  the  vowel  a  sung  on  different  notes.  **  The  periods  corre- 
sponding to  low  tones  are  divided  into  two  distinct  parts ;  the  intensity 
is  feebler  in  the  second  half  of  the  period.  The  gradual  modification 
of  the  character  [timbre]  under  the  influence  of  variations  of  pitch  op- 
erates almost  entirely  at  the  expense  of  the  less  intense  portion  of  the 
period  ;  this  second  half  even  disappears  little  by  little.*'* 

I  have  observed  similar  changes  in  the  a  of  the  German  ei  and  in  the 
vowels  u  and  a  described  below. 

It  seems  hardly  possible  at  the  present  moment  to  specify  the  positions 
of  the  mouth  corresponding  to  the  resonance  tones  and  their  changes. 
Some  idea  of  them  may  perhaps  be  obtained  in  the  following  way. 
Grandgent's  sections '  of  the  mouth  for  the  vowels  a  and  /  are  shown  in 
Figs.  69  and  70. 


Fig.  69.  Fig.  70. 

The  following  view  of  the  physiological  action  of  the  vocal  cavities  in 
producing  ai  in  the  case  studied  above  is  proposed  tentatively.  The  de- 
pressed position  of  the  tongue  for  the  a  leaves  open  a  large  cavity  reach- 
ing from  the  teeth  to  the  vocal  cords ;  the  uvula  offers  no  great  interrup- 
tion. The  lower  resonance  tone  of  the  a  may  be  considered  to  arise  from 
the  vibration  in  this  cavity.  The  upper  resonance  tone  of  the  a  may  be 
supposed  to  arise  from  the  rear  resonance  cavity,  that  is  of  the  throat 
cavity  from  the  cords  to  the  slight  elevation  of  the  tongue  at  the  uvula. 
As  the  a  changes  to  /  this  elevation  of  the  tongue  moves  forward  enlarg- 
ing the  rear  cavity  by  including  continually  more  of  the  mouth  ;  this 
continuously  lowers  the  upper  resonance  tone  until  the  tongue  comes  to 
rest  in  the  typical  /  position.  The  variety  of  changes  in  the  course  of 
the  upper  resonance  tone  corresponds  to  individualities  of  action  of  the 
tongue  in  the  various  cases.  In  some  cases  the  change  from  a  to  /  is 
more  sudden  and  definite  (Figs.  14,  21,  27,  44,  62)  and  in  others  it  is 
less  definite  (Figs.  31,  39,  49,  53)  ;  in  other  cases  there  is  even  laxity 
and  fluctuation  in   the  typical  terminal  positions  (Fig.  66). 

The  supposition  that  the  upper  resonance  tone  arises  from  the  cavity 

1  Marichelle,  La  parole  d'apres  le  trac6  du  phonographe,  47,  Taris  1897. 
*Grandgent,   V(nvel  measurements^  Publ.  Mod.  Lang.  Ass.,  1890  V  148. 
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behind  the  elevation  of  the  tongue  rather  than  from  the  one  in  front  of 
it,  although  opposed  to  the  usual  view,  does  not  exclude  the  presence  of 
tones  from  the  front  cavity  also.  In  fact  these  other  tones  are  presumably 
also  present  though  not  distinguishable  in  my  records. 

The  greater  importance  of  the  rear  cavity  seems  to  be  indicated  by  the 
following  facts.  The  laying  of  the  finger  on  the  tongue  does  not  ap- 
preciably modify  the  enunciation  of  a.  When  the  finger  is  introduced 
into  the  mouth  and  kept  in  front  of  the  elevation  for  the  /,  it  produces 
no  appreciable  effect ;  but  when  it  is  pushed  beyond  the  elevation  into 
the  rear  cavity  it  changes  the  sound  completely. 

It  may  be  noted  that  curious  relations  exist  between  the  tones  of  two 
succeeding  sonants  (speech  sounds  with  tones)  ;  in  general  it  is  true  that 
the  tones  of  a  sonant  form  approximately  musical  intervals  with  a  tone 
or  tones  of  the  preceding  sonant. 

In  all  cases  of  ai  there  is  no  sudden  jump  of  the  cord  tone  ;  the  /  con- 
tinues the  cord  tone  of  the  a,  forming  with  it  the  easiest  musical  in- 
terval, a  unison.  This  tone  is,  however,  different  in  different  cases  ;  the 
cord  tone  of  the  a  rises  to  a  certain  point  selected  for  that  of  the  /'.  The 
selection  of  the  pitch  of  the  cord  tone  for  the  /  is  influenced  by  the  pre- 
ceding resonance  tones  of  the  «,  as  may  be  seen  in  the  following  table. 


Tone  of 

Tones  of  the 

a. 

Tones 

of  the  i. 

d. 

M,  /. 

Cord, 

Lower 

Upper 

start. 

end. 

resonance 

\.     resonance. 

Cord. 

Resonan( 

/,  1st  example 

56 

250 

286 

1000 

250 

450 

/,  2d 

83 

250 

286 

1000 

250 

555 

/.  3d   ** 

131 

250 

286 

1000 

250 

500 

/,  4th   ** 

III 

286 

286 

ICOO 

286 

400 

/,  prose  ** 

102 

180 

360 

1000 

180 

360 

Eye, 

400 

160 

435 

1000 

160 

476 

Die,  1st  example 

500 

179 

200 

lOOO 

200 

473 

Die,  2d   " 

400 

217 

133 

1000 

m 

473 

Fly, 

526 

160 

204 

256 

625 

256 

500 

l^iy,  1st  example 

400 

143 

149 

588 

149 

416 

Thy,  2d   ** 

417 

84 

143 

416 

143 

288 

In  the  ist  /  the  cord  tone  of  /  is  practically  identical  with  the  lower 
resonance  tone  of  the  a ;  the  fixed  lower  resonance  tone  of  the  a  ap- 
parently furnishes  a  standard  toward  which  the  cord  tone  of  the  a  rises  to 
begin  the  /.  The  cord  tone  is  also  just  two  octaves  below  the  upper 
resonance  tone  of  the  a.  There  is  no  very  simple  relation  between  the 
resonance  tone  of  the  /  and  any  of  the  tones  of  the  a. 

In  the  2d  /  the  relations  are  similar  to  those  in  the  ist  /. 


64  E*    ^V'  Scripture, 

tension  to  a  maximum  represented  by  4.2^^,  after  which  there  is  a  fall  to 
4.6<^  at  which  the  tone  remains  constant. 

The  resonance  tone  begins  with  period  of  1.9*^  or  a  frequency  of  526. 
For  the  vowel  u  the  following  resonance  tones  have  been  assigned: 
DoNDERS,/';  Helmholtz,/;  Koenig,  ^;  Auerbach,  ^-^, /' ;  Traut- 
MANN, /*,  g* )  Pipping,  f^/^^i  g*-^ )  Hermann,  r*-^;  Storm,  a; 
Boeke,  //*.  My  measurements  indicate  a  resonance  tone  of  526  vibra- 
tions a  second,  or  approximately  r*.  I  have  not  yet  been  able  to 
settle  the  question  of  a  lower  resonance  tone. 

This  resonance  tone  is,  however,  not  constant.  This  is  especially 
evident  during  the  last  part  of  the  u  where  the  cord  tone  is  constant. 
In  this  region  of  constancy  the  curve  steadily  changes  its  form  from  the 
earlier  u  form  toward  the  /  form  ;  during  the  last  8  or  10  cord  vibrations 
it  is  difficult  to  say  whether  the  curve  belongs  to  the  u  or  the  /.  The 
cord  vibrations  of  the  u  period  persist  in  their  own  constant  period, 
however,  to  a  point  which  can  be  detected.  We  are  thus  justified  in 
reckoning  these  vibrations  to  the  u  although  the  mouth  cavity  has  been 
presumably  steadily  shaping  itself  for  another  sound. 

Repeatedly  observed  facts  of  this  kind  have  forced  upon  me  the  belief 
that  the  view  of  a  word  as  composed  of  a  set  of  fixed  sounds  with  glides 
between  them  is  a  somewhat  inadequate  one.  It  is  derived  from  the  at- 
tempt to  get  away  from  the  artificial  character  of  spelling  but  it  still 
largely  retains  that  character.  The  usual  view  of  the  word  a///<?V/ would 
represent  it  as  composed  of  h — glide — // — glide — /.  The  vocal  organs 
are  supposed  to  occupy  three  distinct  positions,  the  glides  representing 
the  intermediate  positions  during  the  moments  of  change. 

A  somewhat  different  view  seems  better  fitted  to  the  actual  curves. 
The  unit  of  speech  is  sometimes  a  phrase,  sometimes  a  word,  and  never 
a  vowel  or  a  consonant  unless  it  is  at  the  same  time  a  word.  In  speaking 
a  word  the  vocal  organs  pass  through  a  series  of  positions  of  a  special 
character  without  stopping  in  any  one  position.  Thus  the  word  who' li 
represents  a  continuous  change  in  the  force  of  expiration  following  a 
definite  plan,  also  a  continuous  change  in  the  tension  of  the  vocal  cords, 
likewise  continuous  movements  of  the  parts  of  the  mouth.  The  force 
of  expiration  rises  from  o  to  a  maximum  in  35*^  at  the  end  of  the  h, 
continues  with  slight  fluctuation  during  171*^  in  the  glide  and  z/,  and  finally 
dies  away  at  27  7  with  the  end  of  the  /.  Before  the  breath  begins  the  mouth 
has  adjusted  itself  to  a  tone  of  a  period  of  2.8'^ ;  this  position  changes 
very  slightly  during  the  35*^  of  h]  then  it  makes  a  rapid  change  through 
2.3,  2.1  to  !,()''  in  the  //,  remains  constant  during  16 7'' and  rises  sud- 
denly to  the  mouth  tone  of  the  /  (not  determinable  here). 
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n  speaking  the  word  who'll  I  perceive  apparently  continuous  move- 
rs of  the  lips  and  tongue  ;  they  do  not  assume  fixed  positions  at  any 
*ient.  This  would  agree  with  the  changes  just  described, 
le  cord  tone  has  a  somewhat  similar  history.  It  begins  with  a  period 
.3'  in  the  u  at  39*^  after  the  beginning  of  the  word ;  it  rises  steadily 
\i^  and  then  falls  to  a  constant  pitch  of  4.6*^  for  the  latter  part  of 
'/ ;  suddenly  it  rises  to  2.  i<^  for  the  /  and  remains  practically  constant 

|^«  here  are  thus  at  least  three  distinct  but  cooperating  continuous  proc- 

l^^^ts  following  different  courses  throughout  the  word,  namely,  the  force 

1^..,  xpiration,  the  resonance  tone  and  the  cord  tone. 

^  c  seems  thus  somewhat  artificial  to  divide  the  word  who' II  into  3  or  5 
ads ;  we  may  preferably  say  that  for  the  sake  of  discussion  5  stages 
the  changing  sound  may  be  picked  out  as  typical  of  the  whole 
cess.  To  illustrate  by  an  analogy,  we  might  take  single  pictures  out 
I  series  of  views  of  a  runner  made  for  the  kinetoscope  and  treat 
whole  movement  as  made  up  of  a  series  of  positions  in  which  the 
ner  remains  at  rest.  This  treatment  has  its  advantages  for  certain 
es  but  we  should  never  lose  sight  of  the  fact  that  the  true  movement 
:urs  otherwise. 

This  view  is  not  inconsistent  with  the  fact  that  some  of  the  elements 

a  vocal  sound  may  remain  approximately  constant  for  a  short  time. 

us,  the  pitch  of  the  //  is  nearly  constant — as  far  as  our  methods  can  dis- 

vrer — though  the  intensity  is  changing,  and  the  pitch  of  the  u  is  fairly 

nstant  for  a  while. 

The  liquid  //. 

The  sound  //  apparently  does  not  begin  suddenly  but  arises  from  a 
xlification  of  the  //.     The  //  itself  has  been  steadily  changing  its  char- 
ter from  the  very  beginning ;    during  its  last  five  or  more  cord  vibra- 
ms  it  gradually  approaches  the  form  of  curve  that  characterizes  the  //. 
fter  this  point  the  curve  takes  the  //  form  which  differs  completely  from 
at  of  the  //  at  the  start  (Fig.  71,  line  4).     As  stated  above,  the  explana- 
on  is  presumably  ( i )  that  the  cord  tone  remains  on  the  u  pitch  until  a 
ntain  moment  at  which  it  suddenly  rises  to  the  /  pitch,  whereas  (2)  the 
louth  cavity  begins  to  modify  itself  from  the  u  form  to  the  /  form 
efore  the  cord  tone  changes.     This  is  quite   in  agreement  with  the 
iew  that  in  the  English  /  the  back  part  of  the  tongue  is  elevated  whereby 

•  receives  a  guttural  character '  and  is  in  this  respect  related  to  u. 

The  /  shows  34  vibrations  with  a  constant  period  of  2.  i<^.     It  occupies 

•  total  time  of  71*^. 

^Literature  in  Storm,  Engl.  Philobgie,  2.  Aafl.,  139,  Leipzig,  1892. 
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The  form  of  the  vibration  steadily  changes  as  shown  in  the  figure. 

The  changes  in  pitch  in  this  word  who'll  confirm  the  law  deduced 
for  a/ (p.  57)  to  the  effect  that  in  a  succession  of  sonants  (speech  elements 
with  tones)  the  cord  tone  of  a  sonant  tends  to  be  a  multiple  or  a  sub- 
multiple  of  the  cord  tone  or  the  mouth  tone  of  the  preceding  sonant. 

The  relations  are  not  exact  but  only  approximate.  The  mouth  tone 
2.5*^  of  the  h  is  followed  by  a  cord  tone  for  the  u  having  a  general  ave- 
rage of  5.0*^  or  an  octave  below  the  former.  The  mouth  tone  of  the  u 
1 .  9*^  is  followed  by  a  cord  tone  for  the  /  of  pretty  nearly  the  same  period 

2.1*^. 

Such  a  law  is  what  would  be  expected  in  a  voice — at  any  rate  in  one 
that  was  not  unpleasant — for  the  human  ear  finds  pleasure  in  a  succession 
of  tones  whose  periods  stand  in  certain  relations.  Possibly  some  of  the 
explanation  of  disagreeable  voices  may  be  found  in  the  violation  of  this 
law. 

In  general  the  curve  of  this  /  may  be  said  to  resemble  the  forms  given 
by  Wendeler*  and  Hermann  and  Matthias.* 

The  /  given  by  Wendeler  is  a  spoken  sound  \  the  figure  shows  that  it 
must  have  had  a  falling  cord  tone  and  a  decreasing  intensity. 

The  examples  of  /  studied  by  Hermann  and  Matthias  were  sung  on 
notes  of  different  pitch.  Their  analysis  showed  that  these  examples  all 
contained  a  tone  between  /•  and  g^.  They  also  found  for  the  lower 
notes  also  a  tone  that  was  the  octave  of  the  cord  tone  and  changed  with 
it,  and  for  the  higher  notes  a  reinforcement  of  the  cord  tone  itself.  This 
reinforcement  of  a  partial  tone  of  the  cord  tone  is  not  found  in  the 
vowels  studied  by  Hermann  or  in  the  cases  of  ai  considered  above  except 
in  two  cases,  namely,  in  the  /  in  the  3d  example  of  /  and  in  fly  (see 
list  on  p.  57).  There  is  apparently  some  difference  in  the  action  of 
the  mouth  in  forming  the  /.  This  difference  may  be  felt  by  singing 
the  /  on  a  note  of  rapidly  rising  or  falling  pitch ;  there  is  apparently 
a  movement  of  the  tongue  whereby  it  is  pressed  more  strongly  against 
the  palate  as  the  pitch  rises.  The  consequent  change  in  the  size  of  the 
resonance  cavity  might,  by  the  appropriate  connection  between  tongue 
and  cord,  go  parallel  with  the  change  in  the  cord  tone  and  thus  always 
reinforce  one  of  its  partials. 

Our  curve  does  not  enable  us  to  make  any  measurements  of  the  reso- 
nance   tones,  but  its  steady  change  in  form  while  the   cord  tone  re- 

*  Wendeler,  Ein  Versuch.,  die  Schallbnvcgung  dniger  Consottanten  und  andercr 
Gniiusche  mit  dem  Htusen' schen  Sprachzeichner graphisch  darzusUllcity  Zt.  f.  Biol.,  1 887 
XXIII  314,  Tafel  III,  Fig.  21  B. 

8  Hermann  und  Matthias,  Phonophotographischc  Miitheilungen^  V,  Die  Curven 
der  Comonanten,  Arch.  f.  d.  ges.  Physiol.  (Pflttger),  1894  LVIII  255,  Tafel  II. 
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mains  constant  shows  that  the  resonance  tone  or  tones  change  indepen- 
dently. The  tongue  probably  moves  while  the  cords  remain  at  a  constant 
tension.     This  example  of  /  thus  differs  from  those  of  Hermann  and 

Matthias. 

The  labial  b. 

In  the  spoken  words  on  the  gramophone  plate  the  sound  b  follows  im- 
mediately upon  the  //  without  pause.  The  speech  curve  at  this  point 
(Fig.  71,  line  5)  shows  no  measurable  vibrations,  the  enlargement  not 
being  great  enough  to  reveal  the  details  of  the  weak  tone  of  the  b. 
The  interval  occupied  is  96*^. 

The  vowel  /. 

The  vibrations  (Fig.  71,  lines  6  and  7)  have  constant  period  of  a.S*'. 
They  start  with  an  amplitude  of  o  and  rises  steadily  to  an  amplitude 
of  o.  2""°.  At  the  end  they  fall  to  o  suddenly  in  four  vibrations  (Fig. 
71,  line  8).  The  pitch  of  the  mouth  tone  could  not  be  determined. 
This  /  seems  a  rather  weak  vowel  when  compared  with  the  /  in  ai.  The 
sudden  ending  indicates  a  quick  cut  by  the  following  th  (see  above  p.  31). 
The  last  four  vibrations  (Fig.  71,  line  8)  differ  somewhat  ip  character 
from  the  others  and  seem  to  indicate  a  diphthongal  ending  to  the  /'. 

The  sonant  post-dental  dh. 

As  can  be  heard  from  the  gramophone  plate,  the  /  sound  in  be  is  cut 

short  by  the  dh  of  the.     This  sound  appears  in  the  tracing  (Fig.  71, 

line  8)  as  a  space  with  faint  waves  following  immediately  on  the  sudden 

fall  of  the  /  vibrations ;  the  scale  of  enlargement  is  not  sufficient  to  give 

definite  information  concerning  the  waves  of  the  dh.    This  sound  occupies 

a  time  of  56*^. 

The  indefinite  vowel  a. 

This  vowel  follows  dh  in  the.  It  rises  somewhat  rapidly  to  its  maximum, 
remains  at  an  even  amplitude  (Fig.  71,  line  9),  and  drops  suddenly  to 
o  in  the  last  4  vibrations.  It  has  a  pitch  of  6.7^  on  an  average  and  a 
maximum  amplitude  of  0.4°"°.  The  entire  vowel  contains  12  cord 
vibrations  and  occupies  a  total  time  of  84''. 

The  (ip  glide. 

The  vowel  a  of  the  is  cut  short  by  the  closing  of  the  lips  for  /.  This 
suddenly  reduces  the  amplitude  of  the  vibrations  till  they  are  very  faint 
(Fig.  71,  line  9),  yet  the  cords  continue  to  vibrate  after  the  closure  as 
may  be  seen  from  the  faint  vibrations  (Fig.    71,  lines  9  and   10).     The 
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sound  can  no  longer  be  considered  to  be  the  vowel  d  and  cannot  in  the 
usual  sense  be  called  a  /.  It  may  be  treated  as  a  glide  although  it  occu- 
pies fully  two  thirds  of  the  interval  of  1 1 2*^  between  the  a  in  the  and  the 

a  in  parson. 

The  labial  /. 

If  the  period  of  sonancy  after  the  is  to  be  considered  as  a  glide,  the 
remaining  third  of  the  112*^  may  be  assigned  to  the  /  (Fig.  71,  line  10). 

The  vowel  a. 

The  word  parson  appears  to  the  ear  (E.W.S. )  to  have  an  inflectional 
force  of  the  form  indicated  in  Fig.  72,  as  often  appears  at  the  end  of 
questions ;  the  circum flexion  appears  to  lie  in  the  a  and  the  deep  fall  to 
be  in  the  n ;  this  word  seems  to  contain  a  trace  of  an  r.    This  word  differs 


Fig.  72.  Fig.  73. 

from  the  same  word  four  lines  later  (p.  15)  which  appears  to  the  ear  to  have 
a  deep  inflectional  tone,  at  first  level  and  then  falling  as  in  deciding  a 
matter;  this  is  indicated  in  Fig.  73.  This  latter  word  seems  to  contain 
no  r.  The  word  parson  is  in  both  cases  apparently  c  ontinuous  with  the 
word  the  and  would  be  acoustically  written  theparson. 

The  vowel  a  in  this  case  occupies  a  period  of  180''.  It  is  preceded 
by  the  interval  of  1x2*^  belonging  to  the  /  and  is  followed  by  a  glide  of 
12.3'. 

It  shows  36  cord  vibrations.  The  pitch  rises  gradually  as  shown  by 
the  following  measurements  of  the  successive  periods:  6.7,  7.0,  6.7, 
6.0,  6.0,  6.3,  5.3,  5.3,  5.3,  5.3,  5.3,  5.3,  4.9*  4.9»  4.6,  4.6,  4.6,  4.6, 
4.6,  4.2,  4.2,  4.2,  3.9,  3.9,  3.9,  3.9,  3.9,  3.9,  3.9,  3.9,  3.9,  3.9,  3.9, 

3-9>  3-9>  3-9>  40,  4.2. 

It  contains  a  constant  lower  resonance  tone  with  a  period  of  2.8''  or  a 
frequency  of  357  (Fig.  35). 

The  upper  resonance  tone  is  one  of  about  714  vibrations  per  second. 

The  amplitude  rises  through  the  first  four  vibrations  from  zero  to  0.3™" 
and  is  maintained  at  this  to  the  end. 

The  vowel  a  m  parson  has  undoubtedly  a  diphthongal  character.  The 
first  portion  resembles  the  a  sound  discussed  above  (p.  16)  in  the  rising 
cord  tone  but  differs  radically  in  the  falling  resonance  tone,  in  which 
respect  it  is  somewhat  like  the  a  in  die  (Figs.  49  and  53).     The  latter 
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portion  (Fig.  71,  line  13)  is  related  to  the  earlier  portion  much  as  ihe  ;* 
is  related  to  the  a  in  at  in  respect  to  amplitude,  the  lowering  of  the  reso- 
nance tone  and  the  continuance  of  the  cord  tone.  Although  this  latter 
portion  is  not  so  long  as  in  most  cases  of  ai^  the  resemblance  is  sufficient 
to  justify  the  statement  with  Which  this  paragraph  begins.  The  sound 
might  be  written  ^  x  where  the  sign  x  indicates  a  brief  vowel  not  yet  de- 
termined. It  may  be  suggested  that  this  brief  vowel  may  arise  from  the 
weakening  of  the  r,  whereby  a  vowel  sound  partially  or  completely  re- 
places the  full  r.  It  seems,  however,  to  be  a  general  rule,  that  in  English 
long  vowels  have  a  diphthongal. character. 

The  ar  glide. 

The  sudden  fall  in  amplitude  and  the  change  in  pitch  of  the  vowel  x 
in  drx    is  continued  through  an  interval  of  ^.^^  in  which  3  vibrations 
with  a  period  of  2.4*^  appear  (Fig.  71,  line  13,  middle).     During  this 
time  the  tongue  is  presumably  passing  to  the  r  position. 

The  liquid  r. 

The  very  brief  r  is  distinctly  heard  in  the  word  parson  ;  it  occupies  a 
time  of  63*^  (Fig.  71,  line  13  middle  to  line  14  beginning). 

The  r  shows  clearly  3  **  pseudo-beats  '*^  with  a  period  of  19*^  or  a  fre- 
quency of  53.  The  vibrations  within  the  beats  are  grouped  in  pairs  in- 
dicating a  cord  tone  acting  upon  a  resonance  cavity.  The  period  of  the 
cord  tone  is  at  first  constant  at  3.5*^  (  frequency  286  )  but  falls  slightly 
in  the  third  beat.  The  resonance  tone  has  a  period  apparently  constant 
at  1.4*^  (  frequency  714).  Still  higher  resonance  tones  are  probably 
present.  The  following  explanation  of  this  curve  is  proposed  tentatively. 
The  r  consists  of  a  cord  tone  with  a  frequency  of  286  acting  upon  a 
resonating  cavity  adjusted  to  a  frequency  of  714.  The  tongue  is  adjusted 
to  vibrate  with  a  frequency  of  53  ;  this  vibration  of  the  tongue  closes  and 
opens  the  air  passage  so  that  the  intensity  of  the  sound  escaping  from  the 
mouth  is  regularly  varied  from  zero  to  a  maximum  and  again  tp  zero  at 
the  rate  of  53  times  a  second. 

The  pseudo-beats  with  the  cord  and  resonance  vibrations  are  shown  in 
the  curves  by  Wendeler*  and  in   those  by  Nichols  and  Merritt. 
The  German  rolled  r  of  Wendeler  has  a  much  longer  beat  period,  in 
general  over  250*^  or  ^  sec.  ;  the  Finnish  r  of  Pipping  has  a  beat  of  } 


»  Wendeler,  as  before,  p.  304. 
'Wendeler,  as  before,  Tafel  II. 

'Nichols  and  Merritt,  Tht  photography  of  manometric  flames ^  Physical  Review 
1898  VII  93,  Plates  I  and  II. 
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to  ^  sec.'  The  American  rolled  r  of  Nichols  and  Merritt  has  also 
apparently  a  long  beat-period  as  far  as  can  be  judged  from  the  pictures. 
The  brief  r  in  three  examples  given  by  these  last  observers  has  api>arently 
a  shorter  beat-period  than  that  oi parson.  The  cord  period  in  Wendeler's 
examples  varies  apparently  from  2.3*^  to  3.3*  (Wendeler's  own  computa- 
tion of  a  frequency  of  200  or  a  period  of  5*  can  hardly  be  correct);  the 
resonance  period  lies  in  the  neighborhood  of  1.7',  according  to  my  cal- 
culation from  his  records. 

The  sibilant  s. 

This  follows  directly  upon  the  r.  The  vibrations  in  the  curve  are 
hardly  distinguishable  and  no  very  definite  limit  can  be  set  to  them. 

TTie  liquid  «. 

This  follows  immediately  on  s  (Fig.  71,  line  14  to  end).  It  occupies 
an  interval  of  197'.    The  successive  vibrations  occupy  periods  of  4. 2,  3. 5, 

5-ii  3-7,  5-3>  4.1,  4.1,  5-3»  4-2,  49*  4.9>  5-3»  5-3*  5-3»  5-3»  5-3»  5-^) 
5-3>  5-3>  5.6,  5-6,  5-3>  6.7,  6.3,  6.7,  6.7,  7.0,  7.0,  7.t>,  7.0,  7.0,  8.4, 
%.%f  %.%,  9.1,  %,%,     The  maximum  amplitude  is  0.1°*". 

IV.  The  nature  of  vowels. 

To  the  question,  **\Vhat  is  a  vowel?"  several  kinds  of  answers  may 
be  given. 

A  vowel  may  be  defined  as  the  sound  produced  by  a  certain  action  of 
the  vocal  organs.  Some  specially  peculiar  position  of  one  or  more  of  the 
organs  is  usually  selected  as  characteristic.  Nearly  every  writer  on  pho- 
netics gives  a  definition  whose  elements  are  the  positions  of  the  vocal 
organs.  Such  a  definition  may  be  called  a  *'  physiological  definition  of 
a  vowel. '  * 

Another  method  of  defining  a  vowel  consists  in  giving  the  physical 
character  of  the  sound  of  which  it  consists.  This  method  was  proposed 
by  Willis  who  justifies  it  by  the  following  considerations : 

"The  mouth  and  its  apparatus  were  constructed  for  other  purposes  be- 
sides the  production  of  vowels,  which  appear  tq  be  merely  an  incidental 
use  of  it,  every  part  of  its  structure  being  adapted  to  further  the  first  great 
want  of  the  creature,  his  nourishment.  Besides,  the  vowels  are  mere 
affections  of  sound,  which  are  not  at  all  beyond  the  reach  of  human  im- 
itation in  many  ways,  and  not  inseparably  connected  with  the  human 
organs,  although  they  are  most  perfectly  produced  by  them  ;  just  so, 

1  Pipping,  Ziir  Phonetik  d.  finnischen  Spracke^  M^m.  de  la  Soc.  finno-ougrienne, 
XIV,  Helsingfors  1899. 
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musical  notes  are  formed  in  the  larynx  in  the  highest  possible  purity  and 
perfection,  and  our  best  musical  instruments  offer  mere  humble  imitations 
of  them  ;  but  who  ever  dreamed  of  seeking  from  the  larynx  an  explana- 
tion of  the  laws  by  which  musical  notes  are  governed  ?  These  considera- 
tions induced  me,  upon  entering  on  this  investigation,  to  lay  down  a 
different  plan  of  operation;  namely,  neglecting  entirely  the  organs  of 
speech,  to  determine,  if  possible,  by  experiments  upon  the  usual  accous- 
tical  instruments,  what  forms  of  cavities  or  other  conditions,  are  essential 
to  the  production  of  these  sounds,  after  which,  by  comparing  these  with 
the  various  positions  of  the  human  organs,  it  might  be  possible,  not  only 
to  deduce  the  explanation  and  reason  of  their  various  positions,  but  to 
separate  those  parts  and  motions  which  are  destined  for  the  performance 
of  their  other  functions,  from  those  which  are  immediately  peculiar  to 
speech  ( if  such  exist ) .  *  * ' 

Willis's  idea  of  studying  the  physical  characteristics  of  a  vowel  has 
been  developed  by  a  series  of  later  observers,  finding  its  full  expression 
in  the  study  of  curves  of  speech  by  the  investigators  referred  to  in  Sec- 
tion I  (p.  2).  In  its  perfection  the  "physical  definition  of  a  vowel" 
will  consist  of  a  mathematical  expression  for  the  course  of  the  molecular 
vibration  of  the  air  which  it  involves. 

A  third  method  of  defining  a  vowel  might  be  proposed,  namely,  a 
summarization  of  its  mental  characters  as  perceived  by  the  person  hearing 
it.  This  might  be  called  a  "psychological  definition.**  It  would  con- 
sist in  a  statement  of  the  pitch  of  the  vowel  as  heard,  whereby  reference 
might  be  made  to  some  standard  musical  instrument  in  determining  the 
pitch ;  also  in  a  statement  concerning  its  apparent  intensity ;  also  one 
concerning  its  apparent  length  ;  and  finally  one  concerning  its  expressive 
character.  Such  definitions  have  not  before  been  given ;  they  have  been 
crudely  attempted  in  some  cases  of  the  vowels  I  have  studied  in  the  pre- 
ceding pages. 

Willis's  theory. 

Probably  the  earliest  well-founded  statement  in  regard  to  the  nature  of 
vowels  was  that  of  Willis.     His  line  of  thought  was  as  follows  : 

"It  is  agreed  on  all  hands,  that  the  construction  of  the  organs  of 
speech  so  far  resembles  a  reed  organ -pipe,  that  the  sound  is  generated  by 
a  vibratory  apparatus  in  the  larynx,  answering  to  the  reed,  by  which  the 
pitch  or  the  number  of  vibrations  in  a  given  time  is  determined ;  and 
that  this  sound  is  afterwards  modified  and  altered  in  its  quality,  by  the 

1  Willis,  On  vowel  sounds  y  and  on  reed- organ -pipes  ^  Trans.  Camb.  Phil.  Soc,  1830 
III  231. 
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cavities  of  the  mouth  and  nose,  which  answer  to  the  pipe  that  organ 
builders  attach  to  the  reed  for  a  similar  purpose. ' ' 

Willis  fitted  a  reed  to  the  bottom  of  a  funnel-shaped  cavity  and  ob- 
tained sounds  resembling  vowels  by  modifying  the  opening  of  the  cavity. 
He  then  tried  closed  cylindrical  tubes  of  different  lengths  and  found  that 
different  vowel-like  sounds  were  produced  by  different  lengths  of  the 
tube.  His  experiments  led  him  to  the  conclusion  that  the  vowel-like 
sounds  are  produced  by  the  repetition  of  one  musical  note  in  such  rapid 
succession  as  to  produce  another.  '<  It  has  been  long  established, 
however,  that  any  noise  whatever,  repeated  in  such  rapid  succession 
at  equidistant  intervals  as  to  make  its  individual  impulses  insensible, 
will  produce  a  musical  note.  For  instance,  let  the  musical  note  of 
the  pipe  be  g",  and  that  of  the  reed  c*,  which  is  512  beats  a  second, 
then  their  combined  effect  is  g"  •" g*'  -" g"  ••- g^'  -"  (512  in  a  second) 
in  such  rapid  equidistant  succession  as  to  produce  c' ,  g"  in  this  case 
producing  the  same  effect  as  any  other  noise,  so  that  we  might  expect  a 
priori,  that  one  idea  suggested  by  this  compound  sound  would  be  the 
musical  note  r'. 

**  Elxperiment  shows  us  that  the  series  of  effects  produced  are  character- 
ized and  distinguished  from  each  other  by  that  quality  we  call  the  vowel, 
and  it  shows  us  more,  it  shows  us  not  only  that  the  pitch  of  the  sound 
produced  is  always  that  of  the  reed  or  the  primary  impulse,  but  that  the 
vowel  produced  is  always  identical  for  the  same  value  of  s  [the  length  of 
the  pipe].  Thus  in  the  example  just  adduced,^"  is  peculiar  to  the 
vowel  A°  [a  as  in  all];  when  this  is  repeated  512  times  in  a  second  the 
pitch  of  the  sound  is  r',  and  the  vowel  \^  A^-.  if  by  means  of  another 
reed  applied  to  the  same  pipe  it  were  repeated  340  times  in  a  second, 
the  pitch  would  be/,  but  the  vowel  still  A*^,  Hence  it  would  appear 
that  the  ear  in  losing  consciousness  of  the  pitch  of  s  [the  length  of  the 
pipe]  is  yet  able  to  identify  it  by  this  vowel  quality.  But  this  vowel 
quality  may  be  detected  to  a  certain  degree  in  simple  musical  sounds; 
the  high  squeaking  notes  of  the  organ  or  violin  speak  plainly  /,  the  deep 
bass  notes  U,  and  in  running  rapidly  backwards  and  forwards  through  the 
intermediate  notes,  we  seem  to  hear  the  series  U,  O,  A,  E,  /,  /,  E,  A, 
O,  U,  etc.,  so  that  it  would  appear  as  if  in  simple  sounds,  that  each 
vowel  was  inseparable  from  a  peculiar  pitch,  and  that  in  the  compound 
system  of  pulses,  although  its  pitch  be  lost,  its  vowel  quality  is  strength- 
ened." .  "Having  shown  the  probability  that  a  given  vowel 
is  merely  the  rapid  repetition  of  its  peculiar  note,  it  should  follow  that  if 
we  can  produce  this  rapid  repetition  in  any  other  way,  we  may  expect  to 
hear  vowels.     Robinson  and  others  had  shown  that  a  quill  held  against  a 


Researches  in  experimental  phonetics,  73 

toothed  wheel,  would  produce  a  musical  note  by  the  rapid  equidistant 
repetition  of  the  snaps  of  the  quill  upon  the  teeth.  For  the  quill  I  sub- 
stituted a  piece  of  watch-spring  pressed  lightly  against  the  teeth  of  the 
wheel,  so  that  each  snap  became  the  musical  note  of  the  spring.  The 
spring  being  at  the  same  time  grasped  in  a  pair  of  pincers,  so  as  to  ad- 
mit of  any  alteration  in  length  of  the  vibrating  portion.  This  system 
evidently  produces  a  compound  sound  similar  to  that  of  the  pipe  and  the 
reed,  and  an  alteration  in  the  length  of  the  spring  ought  therefore  to  pro- 
duce the  same  effect  as  that  of  the  pipe.  In  effect  the  sound  produced 
retains  the  same  pitch  as  long  as  the  wheel  revolves  uniformly,  but  puts 
on  in  succession  all  the  vowel  qualities,  as  the  effective  length  of  the 
spring  is  altered,  and  that  with  considerable  distinctness,  when  due  al- 
lowance is  made  for  the  harsh  and  disagreeable  quality  of  the  sound 
itself.** 

Thus  Willis  maintains  two  theses  :  i.  that  a  vowel  consists  of  [at 
least]  two  tones,  a  cord  tone  and  a  mouth  tone ;  2.  that  the  mouth  tone 
is  independent  of  the  cord  tone  in  regard  to  pitch. 

The  first  of  these  theses  led  to  attempts  to  determine  the  pitch  of  the 
mouth  cavity ;  the  results  will  be  considered  in  Section  V  below. 

The  second  thesis  was  for  a  long  time  entirely  neglected  in  favor  of 
another  one,  although,  as  I  hope  to  show,  it  is  the  one  that  correctly 
represents  the  facts. 

Helmholtz's  theory. 

According  to  Helmholtz  the  vowels  arise  from  the  vibrations  of  the 
vocal  cords  through  the  strengthening  of  certain  overtones  by  the  res- 
onance of  the  mouth. 

"  We  may  well  suppose,  that  in  tones  of  the  human  larynx,  as  in  those 
of  other  reed  instruments,  the  overtones  would  continuously  diminish  in 
intensity  with  rising  pitch,  if  we  could  observe  them  without  the  resonance 
of  the  mouth.  In  fact  they  correspond  to  this  assumption  fairly  well  in 
those  vowels  that  are  spoken  with  widely  opened,  funnel-like  mouth-cavi- 
ties, as  in  sharp  A  or  A.  ^This  relation  is  however  very  materially  changed 
by  the  resonance  in  the  mouth.  The  more  the  mouth-cavity  is  narrowed 
by  the  lips,  teeth  or  tongue,  the  more  prominently  its  resonance  appears  for 
tones  of  very  definite  pitch,  and  by  just  so  much  more  it  thus  strengthens 
those  overtones  in  the  tone  of  the  vocal  cords  which  approximate  the 
favored  degrees  of  pitch ;  and  by  just  so  much  more  the  others  are 
weakened.*'^ 

The  pitch  of  the  tones  for  which  the  mouth  resonates  best  was  studied 

*  Helmholtz,  Die  Lehre  v.  d.  Tonemptindungen,  4.  Aufl.,  170,  Braunschweig  1877. 
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by  Helmholtz  by  means  of^tuning  forks  held  before  the  mouth.     The 
resonance  differed  for  diffiw'ent  vowels. 

"The  pitch  of  the  strongest  resonance  of  the  mouth  depends  only  on 
the  vowel  for  whose  production  it  has  been  arranged,  and  changes  essen- 
tially even  for  small  changes  in  the  character  of  the  vowel  as  for  example 
in  various  dialects  of  the  same  language.  On  the  other  hand  the  res- 
onances of  the  mouth  are  almost  independent  of  age  and  sex.  I  have 
found  in  general  the  same  resonances  for  men,  women  and  children. 
What  is  lacking  to  the  childish  and  female  mouth  in  capacity  can  be 
easily  replaced  by  narrower  closure  of  the  opening,  so  that  the  resonance 
can  still  be  as  deep  as  in  the  larger  male  mouth. ' ' 

According  to  Helmholtz  **  the  vowel  sounds  are  different  from  the 
sounds  of  most  musical  instruments  essentially  in  the  fact  that  the  strength 
of  their  overtones  depends  not  only  on.lhe  number  of  the  overtone  but 
above  all  on  its  actual  pitch.  For  example,  when  I  sing  the  vowel  a  or 
the  noteE^,  the  reinforced  tone  is  ^,,  or  the  12th  one,  and  when  I  sing 
the  same  vowel  on  the  note  b^  it  is  the  second  one.*'* 

.This  view  of  Helmholtz  necessitates  the  assumption  of  an  accommoda- 
tion of  the  resonance  tone  to  the  voice  tone  within  quite  a  range ;  thus 
as  the  voice  tone  rises  or  falls  the  mouth  must  also  change  its  tone  or  be 
able  to  extend  its  resonance  to  a  considerable  degree.  This  assumption 
was  made  by  Helmholtz,  the  range  of  accommodation  being  supposed 
to  extend  over  as  much  as  an  interval  of  a  fifth  in  music  each  way  from 
the  tone  of  best  resonance.  This  view  has  been  called  the  **  accom- 
modation theory. '  *  According  to  this  theory  the  mouth  must  accommo- 
date itself  to  one  overtone  of  the  voice  tone  and  when  this  rises  or  falls  to 
a  considerable  degree  it  must  readjust  itself  to  some  other  one  in  order  to 
keep  the  resonance  tone  within  a  limited  range. 

The  difference  between  the  theories  of  Willis  and  Helmholtz  lies 
chiefly  in  the  relation  between  the  mouth  tone  and  the  voice  tone ;  for  the 
former  there  was  no  relation,  for  the  latter  the  resonance  tone  was  one  of 
the  overtones  of  the  cord  tone. 

**  Willis's  description  of  the  acoustic  movement  in  the  vowels  doubt- 
less coincides  closely  with  the  truth ;  but  it  gives  only  the  manner  in 
which  the  motion  occurs  in  the  air,  and  not  the  corresponding  reaction 
of  the  ear  to  this  motion.  That  even  such  a  motion  is  analyzed  by  the 
ear  according  to  the  laws  of  resonance  into  a  series  of  overtones  is  shown 
by  the  agreement  in  the  analysis  of  the  vocal  sound  when  it  is  executed 
and  by  the  resonators.*'* 

»  Helmholtz,  as  before,  191. 
*  Helmholtz,  as  before,  191. 
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Helmholtz  also  devised  an  apparatus  of  electric  tuning  forks  and  pro- 
duced vQwtl'like  sounds  by  combining  a  fundamental  tone  with  different 
sets  of  overtones. 

Helmholtz  was  greatly  influenced  in  his  theory  by  his  views  of  the 
action  of  the  ear.  The  hypothesis  that  all  regular  vibratory  movements 
reaching  the  ear  are  analyzed  by  it  into  a  series  of  harmonics  of  the  fun- 
damental period  is  an  assumption  that  seems  to  lead  necessarily  to  the 
Helmholtz  theory.  This  assumption,  however,  we  must  disregard  at 
the  present  time;  the  problem  concerns  the  nature  of  the  vibratory 
movement  characterizing  a  vowel  and  the  solution  must  be  found  in  an 
unbiased  analysis  of  the  vowel  curve ;  the  question  of  how  the  ear  acts  is 
a  later  one. 

Pipping's*  work  with  Hensen's  instrument  (see  above,  p.  4)  led  him 
to  the  following  conclusions. 

**  In  agreement  with  Helmholtz  I  have  found  that  each  vowel  is  dis- 
tinguished by  one  or  more  regions  of  reinforcement  of  constant  pitch. 
The  intensity  of  its  partial  tone  is,  cateris paribus ^  greater  as  it  coincides 
more  accurately  with  the  range  of  reinforcement. 

*'  In  regard  to  the  range  of  the  reinforcement  I  cannot  agree  with 
Helmholtz.  Helmholtz  indeed  states  that  the  range  can  be  different 
according  to  the  opening  of  the  mouth,  the  firmness  of  walls  of  the  oral 
cavity,  etc.  But  he  lays  so  little  weight  on  this  difference  that  he  does 
not  attempt  to  use  it  in  the  characterization  of  the  different  vowels.  To 
judge  from  page  183  of  the  Lehre  von  den  Tonempfindungen  Helmholtz 
thinks  that  the  range  of  reinforcement  must  extend  in  general  at  least  a 
musical  fifth  above  and  below,  and  this  is  certainly  not  the  case. 

'*  Sung  vowels  contain  only  harmonic  partial  tones.'*  That  is,  a  vowel 
produced  by  singing  consists  of  a  series  of  tones  whose  vibrations  stand 
in  the  relations  of  i  :  2  :  3  :  4  :  •••. 

**  The  intensities  of  the  various  partial  tones  do  not  depend  to  any  es- 
sential degree  on  their  ordinal  numbers.''  That  is,  in  distinction  to 
most  musical  instruments  it  is  not  the  fact  that  the  first  partial  is  much 
the  stronger  and  that  the  higher  partials  are  in  general  weaker. 

*'  The  various  vowels  differ  from  each  other  in  ranges  of  reinforcement 
which  are  of  different  numbers,  width  and  position  in  the  scale  of  pitch." 
That  is,  one  vowel  may  have  two  ranges  of  reinforcement,  another  three, 
etc. ,  and  these  ranges  may  differ. 

On  a  later  occasion  *  Pipping  believes  that  the  range  of  accommoda- 
tion may  exceed  even  the  limits  allowed  by  Helmholtz. 

U^irriN(;,  Zur  Klangfarbe  der gesungenen  VocaUy  Zt.  f.  Biologie,  1890  XXVII  77 
2  Pipping,  Zur  Lchre  von  den  Vokalkiangen,  Zt.  f.  Biologic,  1895  XXXI  573,  583. 
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Comparison  of  the  two  theories. 

The  two  conflicting  theories  require  a  decision  concerning  their 
validity. 

Among  the  results  that  support  the  view  of  Willis  we  may  notice  those 
obtained  by  Donders  with  the  Scott  phonautograph.^ 

' '  Each  of  the  fourteen  vowels  when  sung  on  a  constant  tone  produces 
a  constant  curve.  .  .  .  **  For  each  vowel  the  form  of  the  curve  changes 
with  the  pitch.  This  result  is  connected  with  the  peculiarity  of  the 
vowels,  that  their  timbre  is  determined  not  by  overtones  of  a  certain 
order  to  the  fundamental,  but  rather  by  overtones  of  a  nearly  constant 
pitch.*' 

This  last  statement  implies  the  fact  that  if  the  resonance  tones  of  the 
mouth  were  overtones  of  the  voice  tone  bearing  a  definite  relation  to  it, 
such  as  I  St,  2d,  the  curve  would  remain  the  same  in  form  no  matter 
what  the  pitch,  just  as  the  cur\'e  of  vibration  for  a  violin  string  has  a 
typical  form  which  persists  in  spite  of  changes  in  the  pitch  of  the  string. 
On  the  other  hand  if  the  tone  of  the  mouth  is  a  constant  one,  as  Willis 
assumes,  the  combined  vibration  produced  by  the  voice  tone  and  the 
mouth  tone  would  change  for  any  change  in  pitch  of  the  voice  tone. 

Hermann's  investigations  were  carried  out  by  transcribing  the  curves 
of  song  from  the  phonograph.  He  finds  that  the  essential  fact  in  a  vowel 
is  the  intermittent  or  oscillatory  blowing  of  the  mouth  tone  by  the  voice. 
Under  such  circumstances  it  makes  no  difference  whether  the  resonance 
tone  coincides  with  any  fraction  of  the  voice  tone  period  or  not.*  Her- 
mann thus  supports  the  theory  of  Willis  in  asserting  that  the  mouth  tone 
is  completely  independent  of  the  voice  tone.  To  this  statement  Her- 
mann adds  that  of  the  intermittence  of  the  voice  tone  which  seems  never 
to  have  been  suspected  by  previous  observers.  This  new  fact  of  inter- 
mittence appears  much  more  clearly  in  my  curves  of  the  spoken  a  (see 
Figs.  7,  17,  30)  than  it  does  in  Hermann's  curves  of  the  sung  vowels. 
Hermann  believes  that  this  intermittence  is  essential  to  the  production 
of  a  vowel  and  that  merely  adding  a  constant  tone  to  a  complex  of  tones 
does  not  give  a  vowel. ^  This  intermittence,  however,  occurs  only  in 
some  vowels  of  low  pitch,  as  in  the  first  portions  of  the  cases  of  a  just 
mentioned  ;  it  does  not  occur  in  the  /.     Even  in  the  latter  portion  of  my 

*  Donders,  Zur  Klaugfarbe  d€r  Vocal e^  Anna) en  de  Physik  u.  Chemie,  1 864  CXXIII 

528. 

2  Hermann,    Phonophotographische    Untersucfnmgen^    Archiv    f.    d.    ges.    Physiol. 
(PflUger),  1890  LXXIV  380,  381. 

3  Hermann,  WeiUre   Untersuchungen  ii.   d.    Wesen  der    VocaU,  Archiv  f.   d.  ges. 
Physiol.  (PflUger),  1895  LXI  192. 
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cases  of  a  it  is  hardly  proper  to  speak  of  intermittence ;  the  pressure  in 
the  wave  from  the  voice  tone  is  not  evenly  distributed  throughout  the 
period,  but  there  is  nothing  resembling  intermittence.  Even  in  Her- 
mann's own  curves  for  /  as  shown,  for  example,  in  one  of  his  latest  pub- 
lications,* there  is  no  such  intermittence. 

According  to  Hermann  each  vowel  has  one  or  two  fixed  mouth  tones 
whose  pitch  varies  within  narrow  limits  if  at  all ;  these  tones  he  calls 
*'  Formants."  Thus,  the  vowel  u  when  sung  by  a  certain  person  con- 
tains not  only  the  voice  tone  but  also  one  or  two  mouth  tones ;  these 
mouth  tones  are  the  same  when  the  same  vowel  is  sung  at  different  pitches. 

Hermann  has  objected  to  the  overtone  theory  of  the  mouth  tone  that 
in  many  voices  the  formant  is  so  high  above  the  voice  tone  that  it  cannot 
be  supposed  that  an  overtone  of  that  pitch  could  possibly  be  present. 
Thus  as  the  voice-tone  G  the  vowel  /  has  a  strong  mouth  tone  that  would 
correspond  to  the  28th  or  29th  partial  of  the  voice  tone,  whereas  such  a 
high  partial,  if  present  at  all,  would  be  too  weak  to  be  heard.* 

A  final  decision  in  the  case  of  the  vowel  a  can,  I  believe,  be  estab- 
lished on  the  basis  of  the  curves  described  above  in  Section  I.  The  inde- 
pendent tone  theory  is  certainly  the  only  one  that  will  account  for  this 
vowel.  In  the  first  place  the  vowels  studied  were  spoken  vowels  and  were 
open  to  none  of  the  objections  that  may  be  made  against  sung  vowels. 
In  the  second  place  the  resonance  vibrations  can  be  seen  starting  at  reg- 
ular intervals  and  dying  away  completely  in  some  instances  and  less  com- 
pletely in  others  within  a  single  period  of  a  voice  tone.  Again,  the  reso- 
nance vibration  can  be  seen  to  remain  of  constant  period  while  the  voice 
tone  rises  through  a  distance  of  several  octaves  within  one  single  vowel. 

In  the  face  of  such  conclusive  evidence  it  is  hard  to  see  any  point  in 
which  the  decision  in  favor  of  the  theory  proposed  by  Willis  and  de- 
veloped by  Hermann  can  possibly  be  attacked.  It  is  natural  to  assume 
that  a  theory  found  to  be  valid  for  one  vowel  will  be  valid  for  all ;  it  is, 
of  course,  possible  that  other  laws  may  hold  good  in  other  vowels,  but 
until  this  possibility  is  proven  we  can  treat  all  vowels  on  the  independent- 
tone  theory. 

The  noise  theory. 

Another  view  of  the  way  in  which  the  resonance  tone  is  aroused  re- 
sembles an  older  view  of  the  action  of  organ  pipes.  **  The  concomitant 
resonances  [mouth  tones]  which  create  or  constitute  vowel  quality  are 

1  Hermann,  Weitere  Untersuchungen  iiber  d.  Wesm  dcr  Vocale^  Archiv  f.  d.  ges. 
Physiol.  (PHOger),  1895  LXI  Tafel  V. 

'Hermann,  Phonophotographische  Untersuchungen^  Arch.  f.  d.  ges.  Physiol.  (Pflii- 
ger),  1894  LVIII  274. 
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animated,  primarily  and  essentially,  by  the  irregular  noises  which  issue, 
together  with  the  vocal  tone  from  a  speaking  or  singing  glottis,  but  with- 
out it  from  a  whispering  one.  Some  of  these  are  always  found  capable 
of  affording  just  the  appropriate  impulse,  and  of  kindling  the  resonances 
of  the  configuration  [mouth  cavity]."  *  This  view  is  undoubtedly  cor- 
rect as  far  as  whispered  vowels  are  concerned,  but  it  can  hardly  be  sup- 
ported for  spoken  vowels.  In  one  respect  the  case  is  analogous  to  that 
of  an  ordinary  resonator ;  by  blowing  against  the  opening  or  by  tapping 
the  walls  the  tone  of  the  resonator  can  be  faintly  heard.  Thus,  in  whis- 
pering, the  vowels  can  be  produced  with  faint  tones.  These  faint  tones 
are,  however,  quite  different  affairs  from  the  strong  mouth  tones  of 
spoken  vowels  although  they  may  be  of  the  same  pitch.  In  speaking 
there  must  be  a  stronger  force  to  set  the  mouth  cavity  in  vibration  than 
the  faint  noises  that  accompany  the  cord  tone ;  otherwise  the  mouth  tone 
would  be  quite  overpowered  by  the  cord  tone  and  there  would  be  no  no- 
ticeable difference  between  vowels  spoken  on  the  same  note.  Moreover, 
noises  seem  to  have  no  power  to  arouse  strong  resonances ;  thus  the  noise 
of  J,  though  loud  and  produced  directly  on  the  edge  of  the  resonance 
cavity,  does  not  produce  any  marked  resonance  vibrations  (p.  70).  The 
force  that  sets  the  mouth  cavity  in  vibration  can  only  come  from  the  cord 
tone  and  the  "  noise  theory^  *'  of  vowels  may  be  definitely  laid  aside. 

Observations  on  the  nature  of  spoken  vowels. 

Previous  investigators  have  had  in  mind  almost  exclusively  the  vow- 
els sung  on  musical  notes.  It  has  been  universally  assumed  that  the 
spoken  vowels  do  not  differ  essentially  from  the  sung  ones.  Thus  Her- 
mann says,  **  The  difference  between  sung  and  spoken  articulation  lies 
exclusively  in  the  fact  that  the  pitch,  intensity  and*  duration  of  the  syl- 
lables— or  more  accurately,  of  the  vowels — are  governed  in  song  by 
melody  and  rhythm  and  in  speech  by  the  laws  of  emphasis  according  to 
meaning  and  arrangement.  In  a  single  vowel  there  can  thus  be  absolutely 
no  difference  between  song  and  speech."  * 

My  investigations  show,  I  believe,  that  this  view  is  erroneous. 

In  the  first  place  the  voice  tones  of  spoken  vowels  are  seldom  of  con- 
stant pitch.  Some  are  nearly  constant  in  pitch,  some  fluctuate,  some  rise 
and  fall  in  various  simple  or  complicated  ways.  I  have  looked  over  hun- 
dreds of  vowels  in  the  records  and  find  that  there  is  a  typical  tone  for  the 
whole  discourse  which  occurs  in  a  majority  of  the  vowels,  while  the  others 

*  Lloyd,  Speech  sounds  :  their  nature  and  caitsation^  Phonet  Stud.,  1890  III  277. 
2  Hermann  und   Matthias,  Phonophotographische   Untersuchungeny  Archiv  f.  d. 
ges.  Physiol.  (PflUger),  1894  LVIII  258. 
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have  quite  different  tones.  Many  of  the  vowels  are  fairly  constant,  but 
many  others  va^}^  Indeed,  it  is  just  such  changes  and  fluctuations  in  pitch 
and  also  in  intensity  that  enable  the  voice  to  express  the  character  of  the 
thought.  Without  these  changes  the  speech  would  be  a  monotonous 
sing-song  resembling  the  speech  of  the  deaf  who  have  been  taught  by  the 
oral  method.  When  words  are  sung,  they  lose  most  of  their  character ; 
speech  is  capable  of  expressing  by  its  modulations  the  various  emotions 
and  conditions  of  the  individual,  whereas  the  singer  has  few  resources  at 
his  command. 

In  the  second  place  vowels  have  certain  characteristic  laws  of  pitch 
and  intensity  in  certain  positions.  Thus  the  a  of  ai  in  my  curves  begins 
practically  at  zero  in  both  pitch  and  intensity.  The  /  has  a  nearly 
constant  pitch  with  a  slight  fall,  and  a  peculiar  rise  and  fall  of  intensity. 
Presumably  we  shall  at  some  time  be  able  to  determine  the  analytical  ex- 
pressions for  the  vowels  and  shall  find  that  their  properties  follow  definite 
laws. 

It  is  interesting  to  note  that  this  change  in  pitch  in  the  spoken  vowels 
has  so  generally  escaped  notice.  I  know  of  only  one  recorded  observa- 
tion that  might  refer  to  the  subject. 

Aristoxenus,*  in  discussing  xfjoy9«9  fwv^9  opposes  xivr^at^  auve^ij^  to 
xivTiffi^  dtaffTTjfiartxij.  The  first  term  may  be  translated  as  "change  in 
pitch  of  the  voice,**  the  second  as  **  continuous  change,"  and  the  last  as 
**  change  by  steps.**  The  continuous  change  he  considers  to  be  charac- 
teristic of  speech  as  opposed  to  song.  **  Now  the  continuous  movement 
is,  we  assert,  the  movement  of  conversational  speech,  for  when  we  con- 
verse the  voice  moves  through  a  space  in  such  a  manner  as  to  seem  to  rest 
nowhere.** '  It  is  not  quite  clear  to  me  what  he  means  by  "  continuous 
change.  *  *  If  he  had  definitely  in  mind  the  change  in  pitch  of  a  vowel 
within  itself,  he  certainly  furnishes  an  example  of  most  precise  hearing 
and  careful  observation  whereby  he  anticipates  a  result  arrived  at  later 
only  by  careful  experimental  methods.  I  am  somewhat  inclined  to  doubt 
that  he  had  in  mind  anything  more  than  the  general  observation  that  in 
speech  the  voice  rises  and  falls  irregularly,  yet  the  special  statement  that 
the  changes  are  continuous  necessarily  involves  the  changes  within  single 
vowels. 

One  of  the  most  curious  facts  observed  in  the  vowels  studied  in  the 
previous  section  is  the  change  of  the  resonance  tone.     The  pitch  of  the 

*  Aristoxenus,  Harmonica,  I  \  25,  p.  8,  Meib.  The  passages  are  collected  in  John- 
son, Musical  pitch  and  the  measurement  of  interzalSy  Thesis,  Baltimore  1896. 

•  Aristoxenus,  Harmonica,  I  {  28,  p.  8,  Meib.,  quoted  in  Johnson,  The  motion  Oj 
the  voice  in  the  theory  of  ancient  music^  Trans.  Amer.  Philol.  Assoc.,  1899  XXX  47. 
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resonance  tone  is  frequently  not  a  fixed  one  but  one  altered  according  to 
some  law.  In  most  of  the  cases  of  the  a  it  begins  to  change  in  the  latter 
portion  ;  in  the  /  it  is  frequently  constant  but  often  falling. 

To  the  foregoing  account  of  vowels  it  if  necessary  to  make  some  addi- 
tions. The  most  important  one  is  the  statement  that  a  vowel  is  not  a 
fixed  thing,  but  a  changing  phenomenon.  There  is  no  such  thing  as  a 
vowel  a  with  a  definite  character  under  all  circumstances.  Even  for  the 
same  speaker  there  are  continual  changes  and  variations  in  this  vowel. 
For  different  speakers,  for  different  dialects  and  for  different  languages 
the  changes  become  so  great  that  the  a  finally  has  little  resemblance  to 
the^  one  chosen  as  a  standard.  We  may  say  that  a  large  number  of  our 
speech  sounds  may  be  classed  together  by  a  more  or  less  close  resemblance 
and  may  be  designated  by  the  term  a,  A  similar  statement  would  hold 
good  of  any  speech  sound. 

The  changes  from  a  take  place  in  all  directions,  in  voice  tone,  in 
mouth  tone,  in  length,  etc.  By  selecting  examples  properly  a  continuous 
series  can  be  made  of  forms  whose  members  differing  but  little  from  their 
neighbors,  reaching  from  a  to  any  of  the  other  vowels.  For  example, 
between  a  typical  a  and  a  typical  o  all  the  intermediate  vowels  may  be 
found  corresponding  to  the  position  of  the  mouth  between  the  a  position 
and  the  o  position.  ''In  no  language  or  dialect  are  the  sounds  which 
pass  current  for  one  and  the  same  vowel  absolutely  identical.  They  vary 
perceptibly  in  individual  use :  and  hence  ...  a  vowel  is  not  one  single 
definite  sound,  but  a  group  of  more  or  less  closely  resembling  sounds 
which  in  a  given  speaking  commuity  pass  current  as  one  vowel.  There 
seems  to  be  no  practical  limit  to  the  range  of  this  wandering  so  long  as 
the  sounds  employed  do  not  actually  overlap  those  of  any  other  vowel 
which  happens  to  be  used  in  the  same  language."^ 

Mechanical  action  in  producing  vo7ocls. 

Although  it  may  be  regarded  as  settled  that  a  vowel  consists  of  a  cord 
tone  with  its  overtones  and  one  or  more  resonance  tones  from  the  mouth 
and  possibly  from  the  pharynx,^  there  still  remains  the  physical  problem 
of  the  method  in  which  the  cord  tone  arouses  the  resonance  tone. 

The  mouth  cavity  with  the  pharynx  and  vocal  cords  maybe  considered 
as  a  pipe  with  membranous  reeds.  The  theory  of  its  action  will  be 
similar  to  that  of  an  ordinary  reed  organ  pipe. 

Each  vibration  of  the  reed  sent  a  wave  of  condensation  and  rarefaction 
along  the  pipe.     When  the  pipe  is  of  such  a  length  that  this  wave  is  re- 

»  Lloyd,    Speech  sounds  :  Their  nature  and  causation ^  Phonet.  Stud.,  1 890  III  254. 
2  Lloyd,  brief  note  in  Proc.  Brit.  Assoc.  Adv.  Sci.,  1891  796. 
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fleeted  back  in  such  a  way  as  to  reinforce  the  vibration  of  the  reed,  the 
resonance  tone  is  a  loud  one.  Thus,  when  a  properly  adjusted  resonator 
is  placed  behind  a  vibrating  fork  the  tone  of  the  fork  is  strongly  reinforced. 
The  reinforcement  is  also  strong  when  the  resonator  coincides  in  pitch 
with  an  overtone  of  the  reed. 

Such  a  coincidence  between  the  periods  of  the  pipe  tone  and  the  reed 
tone  is  not  necessary.  Each  impulse  from  the  reed  may  be  considered  as 
striking  the  pipe  with  something  of  the  nature  of  a  blow,  whereby  the 
proper  tone  of  the  pipe  itself  may  be  aroused  for  an  instant.  The  pipe 
may  thus  have  its  own  pitch  and  be  heard,  no  matter  what  relation  there 
may  be  between  it  and  the  pitch  of  the  reed.  When  the  blow  from  the 
reed  is  rapidly  repeated,  both  the  reed  tone  and  the  pipe  tone  will  be 
heard. 

Such  a  method  of  producing  resonance  tones  has  been  declared  to  be 
impossible  hy  Hensen,*  who  remarks  that  air  from  a  reed  pipe  cannot 
arouse  a  resonance  tone.  The  experiment  on  which  he  bases  this  state- 
ment consisted  in  placing  a  resonator  at  the  end  of  a  reed  pipe.  At  a 
certain  pressure  of  air  the  pipe  sounded  its  own  tone,  at  a  different  pres- 
sure it  was  silent.  The  resonator  sounded  only  when  the  pipe  was  silent. 
Nevertheless  there  were  occasions  when  both  the  pipe  tone  and  the  res- 
onance tone  appeared  together ;  these  were  called  by  Hensen  unsuccess- 
ful experiments.  We  ought  perhaps  to  call  them  rather  the  successful 
ones. 

To  these  experiments  and  deductions  Hermann  replied  that  a  labial 
pipe  can  be  used  to  sound  a  reed  pipe,  and  some  experiments  were  made 
to  demonstrate  the  fact.^  I  have  attempted  in  another  way  to  show  that  a 
series  of  puifs  of  air  of  any  periodicity  may  be  used  to  sound  a  labial  pipe 
of  any  pitch. 

A  disc  with  its  edge  cut  into  waves  forming  approximately  a  sine-curve 
was  rotated  by  an  electric  motor  at  any  desired  speed.  Its  edges  passed 
between  the  ends  of  two  pieces  of  rubber  tubing  so  arranged  that  the  air 
blown  into  one  of  them  passed  directly  into  the  other  one  if  the  waves  of 
the  disc  permitted ;  the  position  was  so  chosen  that  the  waves  of  the 
disc  regularly  interrupted  the  air  current  completely.  The  end  of  the 
rubber  tubing  was  flattened  and  placed  so  as  to  blow  against  the  edge  of 
a  piece  of  brass  pipe  stopped  at  the  other  end.  The  experiment  began 
with  the  disc  at  rest.  A  current  of  air  was  blown  through  the  tubing  ; 
the  pipe  gave  forth  a  tone.     The  disc  was  then  set  in  rotation  ;  the  tone 

»  Hensen,  Die  Harmonie  in  dm  Vocalen,  Zt.  f.  Biol.,  1891  XXVIII  39. 
•  Hermann,  WeiUre  Untersuchungen  U.  d,  tVesen  d,  VocaUy  Arch.  f.  d.  ges.   Physiol. 
(PflOger),  1895  LXI  195. 
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of  the  pipe  was  regularly  intermitted.  As  the  disc  moved  ^ter,  this  in- 
termittence  became  more  rapid.  Finally,  the  intermittence  itself  was 
heard  as  a  tone  in  addition  to  the  pipe  tone.  Thus  an  intermittent  air 
current,  such  as  is  employed  for  producing  tones  directly,  can  be  used 
to  produce  a  pipe  tone  in  addition. 

I  have  even  succeeded  in  arousing  the  resonance  of  a  closed  tube  by 
blowing  through  an  artificial  larynx.     The  artificial  larynx  was  made  by 

binding  a  piece  of  thin  soft  rubber 
around  the  end  of  a  glass  tube.  Two 
opposite  points  of  the  thin-walled  rub- 
ber tube  thus  made  were  each  caught 
between  the  thumb  and  finger;  the 
tube  was  then  stretched  till  the  sides 
come  together.  A  blast  of  air  through 
the  tube  set  these  edges  in  vibration 
and  produced  a  tone.  By  placing  the 
edges  at  the  right  spot  over  the  mouth 
of  a  bottle  or  a  test-tube  or  a  key 
(Fig.  74)  the  resonance  tone  of  the 
latter  could  be  distinctly  heard. 

When  the  edges  of  the  artificial 
larynx  are  properly  placed  against  the 
opening  of  a  small  tube  such  as  the 
hole  of  a  door-key,  the  tone  of  the  key 
is  heard  loudly  in  addition  to  that  of 
the  artificial  larynx.  The  pitch  of 
the  larynx  tone  may  be  altered  at  will. 
This  experiment  illustrates  with  great  vividness  the  method  in  which 
vowels  are  actually  produced  in  the  vocal  organs. 

It  is  not  so  ea^y  to  arouse  a  tube  of  low  pitch  such  as  a  bottle  in  this 
way,  because  the  volume  of  air  passing  through  the  artificial  larynx  is  not 
large. 

It  can  thus  be  regarded  as  definitely  settled  that  the  current  of  air  from 
a  reed  can  be  used  to  arouse  a  resonance  tone  in  a  cavity  properly  ad- 
justed to  receive  the  air.  The  Willis  theory  of  vowel  production  is 
therefore  at  least  a  physical  possibility. 

To  this  statement  we  may  add  that  the  reed  tone  and  the  resonance 
tone  may  vary  independently  of  each  other,  but  that  the  resonance  tone 
is  loudest  when  its  pitch  is  higher  than  that  of  the  reed  tone. 

Willises  view  of  the  way  in  which  the  resonance  tone  was  superimposed 
on  the  reed  tone  is  very  explicit.     **  According  to  Euler,  if  a  single 


Fig.  74. 
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pulsation  be  excited  at  the  bottom  of  a  tube  closed  at  one  end,  it  will 
travel  to  the  mouth  of  this  lube  with  the  velocity  of  sound.  Here  an 
echo  of  the  pulsation  will  be  formed  which  will  run  back  again,  be  re- 
flected from  the  bottom  of  the  tube,  and  again  present  itself  at  the  mouth 
where  a  new  echo  will  be  produced,  and  so  on  in  succession  till  the  mo- 
tion is  destroyed  by  friction  and  imperfect  reflection.  .  .  .  The  eff*ect 
therefore  will  be  a  propagation  from  the  mouth  of  the  tube  of  a  succession 
of  equidistant  pulsations  alternately  condensed  and  rarefled,  at  intervals 
corresponding  to  the  time  required  for  the  pulse  to  travel  down  the  tube 
and  back  again  ;  that  is  to  say,  a  short  burst  of  the  musical  note  corre- 
sponding to  a  stopped  pipe  of  the  length  in  question,  will  be  produced.*'* 

The  true  view  of  the  action  of  the  mouth  in  producing  a  resonance  tone 
seems  to  be  the  following  one.  The  sudden  puff*  of  air  from  an  explosive 
opening  of  the  cords  may  be  considered  to  act  as  a  piston  compressing 
the  air  before  it  in  the  mouth  cavity.  The  air  acts  as  a  spring  by  its  re- 
sistence  to  compression  and  drives  the  piston  back  beyond  its  position  of 
equilibrium  ;  the  resistance  to  dilatation  draws  it  back,  and  so  a  vibratory 
movement  is  set  up.  Under  these  circumstances  the  air  acts  merely  as  a 
spring  ;  the  form  of  the  cavity  is  immaterial  and  the  period  of  vibration 
remains  the  same,  provided  the  capacity  be  not  varied.  The  single  im- 
pulse of  the  piston  thus  makes  the  resonator  a  source  of  vibration,  whose 
period  remains  practically  constant  but  whose  amplitude  steadily  dimin- 
ishes from  loss  of  energy  mainly  by  communication  to  the  external  air. 
Such  vibrations  are  seen  in  the  curves  for  a  in  Section  II  above.  This 
statement  is  an  adaptation  of  that  given  by  Rayleigh  for  resonators  in 
general. 

The  question  arises  as  to  the  period  of  the  tone  thus  produced  by  the 
resonator. 

There  are  cases  in  which  the  Helmholtz  view  of  the  action  of  the 
mouth  cavity  might  seem  to  have  a  possibility  of  correctness.  If  we  as- 
sume ( I )  that  a  uniform  condition  has  been  attained,  (  2  )  that  the  natural 
period  of  the  resonator  does  not  diff*er  greatly  from  that  of  the  cord 
period,  and  (3)  thatthe  cord  vibrations  are  of  not  too  explosive  a  nature, 
it  follows  that  the  effect  of  the  resonator  can  only  be  to  modify  the  in- 
tensity and  phase  of  the  partials  of  the  cord  note.  The  partial  or  par- 
tials  nearest  to  the  natural  periods  of  the  mouth  cavity  will  be  rein- 
forced and  they  can  be  found  from  the  cord  by  the  Fourier  analysis. 

Under  the  assumptions  made  above  the  vibration  of  the  resonance 
cavity  is  a  forced  one,  and  the  conclusion  concerning  the  section  of  the 

1  Willis,  as  before,  243. 
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mouth  cavity  is  necessarily  correct.^  The  first  and  second  assumptions 
made  above  have  been  explicitly  stated  by  Rayleigh,  who  concludes 
that  both  the  Willis  and  the  Helmholtz  ways  of  treating  the  action  of 
the  mouth  cavity  are  legitimate  and  not  inconsistent.  ''  When  the 
relative  pitch  of  the  mouth  tone  is  low,  so  that,  for  example,  the  partial 
of  the  larynx  note  most  reinforced  is  the  second  or  the  third,  the  analysis 
by  Fourier's  series  is  the  proper  treatment.  But  when  the  pitch  of  the 
mouth  tone  is  high,  and  each  succession  of  vibrations  occupies  only  a 
small  fraction  of  the  complete  period,  we  may  agree  with  Hermann  that 
the  resolution  by  Fourier's  series  is  unnatural,  and  that  we  may  do  bet- 
ter to  concentrate  our  attention  upon  the  actual  form  of  the  curve  by 
which  the  complete  vibration  is  expressed.*'*  The  two  forms  of  treatment 
imply  that  the  resonance  tone  is  to  be  considered  in  the  one  case  as  a 
free  vibration  of  the  air  in  the  cavity,  and  in  the  other  case  as  a  forced 
vibration.  Some  cases  of  the  /  (Figs.  44  and  53)  may  be  reconciled 
with  the  Helmholtz  view,  the  resonance  tone  being  an  overtone  of  the 
cord  tone  and  changing  with  it.  The  cases  of  a  and  most  of  those  of  / 
are  decidedly  inconsistent  with  the  overtone  theory.  Possibly  the  vari- 
ation from  the  overtone  theory  arises  from  the  explosive  manner  in 
which  the  cords  open.  The  general  description  of  their  action  for  a 
probably  holds  good  even  when  the  resonance  tone  is  only  about  an 
octave  above  the  cord  tone  ;  each  puff  of  air  is  stronger  at  the  start  and 
fades  away,  setting  the  air  in  the  resonance  chamber  into  free  instead  of 
forced  vibration.  This  general  characteristic  can  be  traced  in  each  a 
even  to  the  point  where  the  resonance  tone  is  slightly  less  than  the 
octave  of  the  cord  tone,  as  in  Fig.  11.  We  are  probably  justified  in  con- 
cluding that  the  Willis  theory  of  the  production  of  vowels  holds  good 
universally. 

V.  The  mouth  tone  in  vowels. 

Bonders  sought  to  determine  these  tones  by  noting  the  pitch  of  the 
mouth  cavity  when  the  various  vowels  were  whispered.' 

Helmholtz*  and  Auerbach^  by  holding  tuning  forks  before  the 
mouth  when  it  had  been  fixed  for  a  certain  vowel  have  found  those  whose 
tones  are  most  strongly  reinforced.  The  mouth  acts  as  a  resonator  and  the 
tone  most  strongly  reinforced  is  that  to  which  the  mouth  is  tuned.     The 

•  Rayleigh,  Theory  of  Sound,  J  48,  66,  322k,  397,  London;  1894,  1896. 
«  Rayleigh,  as  before,  §  397. 

^DoNDERS,  Ceber  d,  Natur.  d.  F<?^rt/£',  Archiv  f.  d.  hollind.  Beitrflge  z.  Natur.  u. 
Heilkunde,  1858  I   157. 

<  Helmholtz,  Lehre  v.  d.  Tonempfindungen,  4.  Aufl.,  171,  Braunschweig  1877. 
5  AUERBACH,  Untcrsuchungen  it.  d.  Natur,  des  Vokalklanges^  Diss.,  Berlin  1 876. 
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objections  arise :  that  there  is  no  certainty  that  the  mouth  is  really  in 
the  vowel  position  desired ;  and  that  the  mouth  may  resonate  to  several 
tones.  The  adjustment  of  the  mouth  may  be  quite  different  when  no  expi- 
ration is  occurring  from  what  it  is  during  whispering  or  speaking  or  sing- 
ing. *  At  any  rate  we  have  no  assurance  that  it  is  the  same.  I  quite 
agree  with  Hermann  that  the  only  trustworthy  determinations  of  the 
mouth  tone  are  those  obtained  by  actual  whispering,  singing  or  speaking. 
Whispered  vowels  were  examined  by  Donders,  Helmholtz  and  Her- 
mann. 

The  pitch  of  the  mouth  tone  has  been  studied  in  a  different  way  by 
Lloyd.  The  mouth,  as  an  excentric  cavity,  would  naturally  have  two 
resonance  tones :  the  tone  of  the  **  porch  '*  or  narrow  front  part,  and  the 
tone  of  the  "  chamber  *'  or  rear  part.'  A  combination  of  a  tube  and  a 
cylinder  can  be  made  to  give  a  vowel-like  sound  when  the  sizes  are  prop- 
erly selected.  Lloyd  produced  various  vowel-like  sounds  and  determined 
the  tones  of  the  tube  and  the  cylinder.  The  vowel-character  of  a  sound 
is,  according  to  Lloyd,  essentially  determined  by  the  relations  of  pitch 
between  these  two  tones,  or  among  several  tones  when  there  are  more 
than  two. 

Lloyd  *  has  also  mapped  out  the  forms  of  the  mouth  cavity  involved  in 
different  vowels  and  has  calculated  the  tones  to  which  they  would  res- 
onate. Thus  for  the  vowels  in  the  following  words  he  has  calculated  the 
resonance  tones  as  indicated :  piece  2816,  //'/  2500,  rein  21 12,  there  1508, 
man  1431,  half  io%2^  law  834,  note  623-444,  put  528,  blue  314. 

Another  method  used  in  seeking  the  mouth-tone  consists  in  analyzing 
the  curve  of  vibration  representing  the  vowel  into  a  series  of  curves  repre- 
senting simple  tones  and  determining  which  of  these  tones  above  the 
voice  tone  is  apparently  the  loudest. 

A  simple  tone  is  defined  as  one  for  which  the  deviation  of  the  ma- 
terial particle  from  its  position  of  rest  is  given  by  an  expression  of  the 

form 

2Jr/ 
_y  =  df  sin  -J, 

where  y  is  the  deviation  at  the  moment  /,  a  the  amplitude  or  maximum 
value  of  ^,  and  T'the  time  of  one  complete  vibration  of  the  particle  through 
its  positive  and  negative  phases.     A  curve  of  this  kind  is  called  a  ''sinu- 

*  Hermann,  PhonophotographischeUntersuchungenyAich.  f.  d.  ges.  Physiol.  (Pflflger), 
1890  XLVII  374. 

'Lloyd,  Sp€ech  sounds ;  theirnature  and  causation  ^  Phonetische  Studien,  1890  III 
275,  278;  1890  IV  39;  1891  V  125. 

'Lloyd,  Proc.  Roy.  Soc.  Edin.,  March  1898. 
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sold  "  or  a  ''  harmonic  "  and  such  a  vibration  is  said  to  be  sinusoidal  or 
harmonic.  The  exact  expression  for  such  a  vibration  must  give  the  phase 
from  which  the  values  of  /  are  measured ;  this  is  done  in 


where  c  indicates  the  time  between  /  =  o  and  the  next  preceding  moment 
when  ^  =  o. 

A  number  r  of  sinusoids  superimposed  give  a  vibratory  movement  in 
which 

>  =  2:=i  <sm  y-^-  -e^J  . 

It  can  be  proven  that  any  single-valued  finite  periodic  function  with 
the  period  T'can  be  expressed  by  a  series  of  sinusoids  whose  periods  are 
Tj  772,  Tji  •••  .  This  is  generally  known  as  Fourier's  theorem.^  The 
analysis  of  such  a  function  into  a  series  of  sinusoids  is  known  as  the 
Fourier  analysis. 

Likewise  a  number  of  sinusoids  may  be  added  to  produce  a  vibration 
resembling  some  given  curve.  Such  a  synthesis  can  be  performed  by 
machines  constructed  for  the  purpose,  for  example,  the  machine  of 
Preece  and  Stroh'  or  that  of  Michelson.'  The  curves  produced  by 
Preece  and  Stroh  somewhat  resemble  the  curves  of  vowels,  but  so  dis- 
tantly that  they  indicate  the  impropriety  of  considering  a  vowel  curve  as 
a  sum  of  a  series  of  harmonics. 

A  vowel  curve  gives  by  the  Fourier  analysis  a  series  of  sinusoids  of 
various  amplitudes.*  Those  of  greatest  amplitude  are  assumed  to  be  the 
most  prominent  tones  in  the  complex  tone  of  the  vowel.  It  is  also  as- 
sumed that  the  one  or  more  stronger  tones  after  the  fundamental  are  the 
tones  of  the  mouth. 

As  an  objection  to  this  method  we  are  entitled  to  say,  that  the  Fourier 
analysis  is  in  this  case  a  means  of  representing  a  vibratory  movement  by 
a  formula.  We  may  add  that  it  is  nothing  more  than  an  interpolation 
formula  by  which  the  value  of  y  can  be  found  for  any  desired  instant  of 


1  Fourier,  Theorie  analytique  de  la  chaleur,  Ch.  Ill,  Paris  1822. 

*  Preece  and  Stroh,  Sliuiies  in  acoustics.  /.  On  the  synthetic  examination  of  vmucl 
sounds,  Proc.  Roy.  Soc.  London,  1879  XXVIII  358. 

^MlCHELSON,  A  nnv  harmonic  analyzer,  Amer.  Jour.   Sci.,  1 898  (4)  V  I. 

*  The  scheme  for  the  computation  and  various  essential  practical  devices  are  given  by 
Hermann,  Phonophotographische  Untersuchungen,  Arch.  f.  d.  ges.  Physiol.  (Pfliiger), 
1890  XLVII  47. 
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time.  It  is  merely  one  case  of  a  more  general  method^  of  interpolation 
by  a  periodic  series ;  it  is  thus  considered  in  works  on  the  adjustment  of 
measurements.^ 

Such  an  interpolation  formula  remains  simply  a  mathematical  tool  un- 
less it  is  found  to  express  the  actual  nature  of  the  phenomenon  measured. 
It  has  been  assumed  by  practically  all  writers,  that  all  musical  sounds  are 
really  combinations  of  a  series  of  sinusoidal  partial  tones  :  for  example, 
it  can  be  readily  demonstrated  that  a  violin  string  vibrates  not  only  as  a 
whole,  but  also  in  halves,  thirds,  quarters,  etc.  It  is  also  presumably 
true  that  each  of  these  parts  produces  a  sinusoidal  vibration  of  the  air. 
Thus,  the  peculiar  tone  of  the  violin  is  presumably  really  the  sum  of  a 
series  of  approximately  sinusoidal  tones.  The  Fourier  analysis  in  such 
a  case  undoubtedly  expresses  the  nature  of  the  tone. 

In  the  case  of  sung  vowels  the  assumption  that  the  vocal  cords  vi- 
brate like  reeds,  and  the  further  assumption  that  the  mouth  acts  as  a  res- 
onator reinforcing  one  or  more  of  the  partial  tones  of  the  cord  would 
justify  the  use  of  the  Fourier  analysis  for  finding  the  partial  tones  of 
the  voice-tone  and  also  the  tones  reinforced  by  the  mouth,  provided  these 
assumptions  were  proved  to  be  correct. 

The  vocal  cords  are  certainly  to  be  treated  as  membranous  reeds.  In 
the  main  their  vibrations  can  be  supposed  to  follow  the  usual  laws. 

The  other  assumption,  that  the  mouth  acts  also  as  a  resonator  to  rein- 
force some  of  the  partial  tones  of  the  cord  vibration,  is  certainly  not 
justified  (p.  73).  The  main  effect  of  the  mouth  is  to  impose  a  vibra- 
tion of  its  own  upon  the  vibration  coming  from  the  cord.  The  rein- 
forcement of  partial  tones  may  possibly  be  present,  but  it  is  certainly  not 
prominent.  The  Fourier  analysis  would  be  applicable  only  if  the 
mouth  tone  were  coincident  with  one  of  the  partial  tones  of  the  voice 
tone ;  this  is,  at  least  generally,  not  the  case  in  song,  as  has  been  indi- 
cated by  Willis,  Bonders  and  Hermann,  and  is  certainly  not  the  case 
in  speech  as  is  proven  by  my  curves  for  a.  With  a  mouth  tone  not  coin- 
cident with  a  partial  tone  the  Fourier  analysis  may,  in  a  vowel  of  con- 
stant pitch,  indicate  a  reinforcement  of  the  nearest  partial  vibration,  or 
it  may  show  reinforcement  of  the  two  nearest  partials  above  or  below. 
The  analysis  can  thus  be  used  to  indicate  the  approximate  pitch  of  the 
mouth  tone  in  such  a  case,  although  it  may  not  coincide  with  a  partial  of 
the  voice  tone.'* 


*  Gauss,  Theoria  interpolationis  methodo  nova  tractata^  Werke  III  265,  1876. 
'Weinstein,  Physikalische  Maassbestimmungen,  I  486,  Berlin  1886. 
'Hermann,    Phonophotog^aphische    Untersuchungcn,   Archiv    f.    d.    ges.    Physiol. 
(Pflilgcr),  1894  LVIII  276. 
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With  vowels  of  changing  pitch,  as  in  my  examples  of  a,  any  attempt  to 
apply  the  Fourier  analysis  would  be  an  absurdity.  In  this  vowel  the 
pitch  of  the  voice  tone  changes  from  vibration  to  vibration.  The  analjrsis 
would  be  thus  utterly  different  for  each  vibration  and  would  indicate  a 
different  mouth  tone  every  time,  whereas  the  reonance  vibrations  can  be 
seen  in  the  ciu^es  to  remain  constant. 

It  is  an  imaginable  hypothesis  that,  since  the  period  of  the  voice  tone 
in  a  rising  or  a  falling  vowel  is  not  the  constant  T  but  some  value /(/) 
which  steadily  changes,  we  might  make  an  analysis  into  a  series  of  sinu- 
soids whose  periods  change  likewise.     We  would  thus  have 

/  2T:nt 


^  =  2:=1^.sin(^^^-e.) 


The  expression  for  /(/)  would  differ  for  different  vowels.  Such  an 
analysis  might  accurately  represent  the  case  when  a  musical  sound  com- 
posed of  a  fundamental  with  overtones  is  reproduced  on  a  phonograph 
whose  speed  is  constantly  accelerated.  It  might  also  be  applicable  to  the 
analysis  of  a  glide  produced  on  a  musical  instrument  like  a  violin.  The 
curve,  however,  would  be  of  the  same  form  in  each  period,  which — as 
DoNDERS  first  pointed  out  and  I  have  abundantly  shown — is  not  the  case 
in  the  vowels. 

Other  methods  of  finding  the  pitch  of  the  mouth  tone  may  be  used. 
The  method  that  suggests  itself  at  once  is  simply  that  of  measuring  the 
length  of  a  wave  of  the  mouth  tone.  This  could  best  be  done  in  my 
curves  by  measuring  the  length  of  a  set  of  waves  and  dividing  by  the 
number ;  though  the  measurement  could  not  be  made  to  a  finer  unit  than 
o.  i°"  this  reduces  the  error  for  a  set  of  5  waves  to  \  of  o.  i°",  or  0.02™". 
This  method  is  applicable  only  when  the  vowel  curve  shows  regular  vi- 
brations within  a  single  period  of  the  voice  tone.  When  the  curve  shows 
irregular  or  complicated  vibrations,  some  other  method  would  be  used. 

Hermann  has  used  three  other  methods  :  (i)  the  centroid  method,  (2) 
the  method  of  proportional  measurement,  and  (3)  the  counting  of  the 
vibrations  when  they  exactly  fill  one  period  of  the  voice  tone.^  The  last 
method  amounts  to  the  same  thing  as  mine  for  a  particular  case.  The 
proportional  method  is  also  practically  the  same  for  other  cases.  The 
centroid  method  seems  to  give  only  approximate  results.'  The  term 
**  centroid"  seems  to  me  preferable  to  **  center  of  gravity'*  used  by 
Hermann. 

^HzKyw^ii,  Phonop/iotographische  Urt ter sue kungerif  Arch,  f.  d.  ges.  Physiol.  (PflQ- 
ger),  1890  XLVII  359. 

*  Hermann,  Phonophotographische  Untersuchungen^  Arch.  f.  d.  ges.  Physiol.  (PflU 
ger),  1893  LIII  51 ;  1894  LVIII  276. 
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Of  all  the  methods  and  investigations  employed  for  determining  the 
mouth  tone  those  of  Hermann  *  are  entitled  to  by  far  the  weightiest  con- 
sideration. He  finds  for  u  {00)  two  tones,  one  in  the  first  part  of  the 
first  octave  and  one  in  the  second  octave,  for  ^  (^«),  and  a  a  tone  in  the 
second  octave  which  rises  in  pitch  as  o  changes  to  a,  for  &  and  e  a  tone  in 
the  second  octave  and  one  in  the  third  octave,  for  ^,  U  and  /  a  very  high 
tone  which  is  in  the  middle  of  the  third  octave  for  ^,  at  the  end  of  that 
octave  for  U  and  in  the  fourth  octave  for  /.  The  octaves  are  numbered  in 
the  German  fashion,  middle  c  being  in  the  first  octave.  The  resonance 
tones  for  my  examples  of  a  and  i  are  given  on  pages  55  and  56,  and  those 
of  some  other  vowels  in  Section  III. 

These  data  give  only  the  approximate  regions  in  which  we  may  expect 
to  find  the  mouth  tone.  It  is  unquestionably  true  that  within  these  regions 
the  mouth  tone  will  vary  for  different  dialects  and  different  conditions  of 
speech. 

The  mouth  tone  need  not  be  a  fixed  one  though  it  is  generally  so.  A 
rise  and  fall  of  the  mouth  tone  might  readily  be  used  as  a  factor  of  ex- 
pression in  speech.  Several  examples  of  such  changes  have  been  given 
in  Section  II. 

It  seems  fairly  well  established  that  in  addition  to  the  cord  tone  there 
may  be  several  resonance  tones  from  the  mouth  cavity.  Lloyd  dis- 
tinguishes at  least  two :  that  of  the  front  part  of  the  mouth  (the  porch 
resonance)  and  that  of  the  whole  mouth  (the  fundamental  resonance).* 
There  may  be  also  a  resonance  tone  from  the  pharynx".'  The  various 
vowels  arise  from  different  "radical  ratios'*  between  the  porch  tone 
and  the  fundamental  mouth  tone,*  while  it  is  possible  to  change  the 
pitch  of  both  to  some  extent.  Various  other  tones  may  arise  from  the 
configuration  of  the  mouth  and  the  coexistence  of  the  tones  already 
mentioned.* 

Although  Lloyd's  supposition  of  the  possible  presence  of  a  number  of 
resonances  in  the  mouth  cavity  *  may  be  partly  justified,  yet  one  of  these 
resonances  must  far  exceed  all  others  in  prominence  in  order  to  produce 
the  constancy  in  form  and  period  of  the  resonance  vibrations  seen  in  the 

1  Hermann,  Phonophotograpkische  Untersuchungen^  Arch.  f.  d.  ges.  Physiol.  (Pflii- 
ger),  1894  LVIII  270. 

■Lloyd,  Speech  sounds ;  their  nature  and  causatiofi^  Phonet.  Stud.,  1 890  III  261. 

'Lloyd,  Speech  sounds  ;  their  nature  and  causation^  Phonet.  Studien,  1891  IV  294  J 
also  a  note  in  Proc.  Brit.  Assoc.,  1 891  p.  796. 

*  Lloyd,  Speech  soufids  ;  their  nature  and  causation^  Phonet.  Stud.,  X891  IV  52. 
^Same,  207. 

*  Lloyd,  Speech  sounds  ;  their  nature  and  causation ^  Phonet.  Stud.,  1890  III  261 ; 
X89Z  IV  52,  206. 


9©  E,    IV,  Scripture, 

curves  examined  in  Section  II.  It  is  doubtful  if  there  are  more  than 
two  resonances  of  the  mouth  that  are  of  any  noticeable  strength  ;  as  ex- 
plained above  (p.  83)  the  air  in  a  resonance  cavity  acts  as  a  spring 
whose  period  depends  on  the  size  while  the  form  of  the  cavity  is  imma- 
terial for  the  chief  resonance  tone.  We  must  add  that^  although  the 
additional  resonance  tones  and  the  overtones  of  the  cord  tone  may  not 
appear  in  any  record,  they  undoubtedly  give  characteristic  colors  to  the 
final  result. 

The  importance  of  the  pharyngeal  resonance  has  been  strongly  empha- 
sized by  Marichelle.* 

This  author  maintains  the  following  theses :  A,  The  capacity  of  the 
buccal  resonator  does  not  exercise  a  characteristic  influence  on  the  pitch  of 
the  vowels.  The  statement  that  the  mouth  cavity  in  front  of  the  elevation 
of  the  tongue  has  no  influence  is  based  on  an  experiment  in  filling  the  cav- 
ity of  the  palate  with  wax  and  finding  that  the  vowels  O  and  ^6^ can  still 
be  pronounced.  Compensation  for  the  size  of  the  resonating  cavity  by 
change  in  the  lip  opening  is  avoided  by  forming  the  opening  in  a  card 
placed  before  the  mouth.  These  experiments  seem  to  me  too  inaccurate 
and  so  contrary  to  our  knowledge  of  the  action  of  resonating  cavities  that 
we  cannot  accept  them.  Moreover,  a  vowel  like  O  is — to  my  ear  at  least 
— distinctly  modifled  in  expression  by  any  change  of  the  mouth  cavity 
although  it  still  remains  an  O  until  the  change  is  a  great  one.  This  can 
be  conveniently  tested  by  inserting  two  fingers  in  the  mouth  ;  the  0 
changes  in  expression  and  can  be  readily  made  into  an  ^6''by  the  proper 
manipulation.  B.  The  dimension  of  the  lip  opening  constitutes  only  a 
general  vague  and  unstable  indication  of  the  vowel.  C  The  separation 
of  the  jaws  does  not  sufficiently  characterize  the  vocal  sounds.  D.  The 
displacement  of  the  tongue  forward  or  backward  furnishes  no  precise  and 
essential  information  on  the  character  [timbre]  of  the  vowels.  It  is 
possible  to  produce  all  the  vowels  with  practically  any  position  of  the 
tongue.  **  Here  again  the  physiological  description,  as  comprehended 
generally,  gives  only  accessory  facts  and  no  characteristic  ones. ' '  These 
three  statements  are  true  in  a  vague  way  but  they  do  not  prove  that  the 
vowel  character  is  independent  of  these  factors  ;  the  vowels  undoubtedly 
depend  essentially  and  directly  on  them.  Marichelle's  point,  however, 
seems  to  be  that  the  essential  factor  is  the  size  of  the  resonance  cavity 
and  not  its  exact  form ;  and  in  this  he  is  presumably  correct. 

According  to  Marichelle  three  distinct  regions  of  the  mouth  are  used 
in  forming  vowels :      i.  the  anterior  tongue-palate  cavity ;   2.  the  pos- 

^  Marichelle,  La  parole  d'apr^s  le  trac6  du  phonographe,  27,  Paris  1897. 
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tenor  tongue-plate  cavity ;  3.  the  lip  opening.  The  characteristic  tones 
are  modified  by  a,  the  nature  of  the  walls,  whether  soft  or  hard ;  b,  the 
capacity  of  the  posterior  resonator ;  c,  the  degree  of  opening  of  the 
tongue-palate  orifice  ;  d.  the  lip  opening. 

Marichelle  seems  to  be  quite  correct  in  insisting  on  the  importance 
of  the  posterior  cavity ;  it  is  the  one  into  which  the  vibrations  of  the 
cords  pass  immediately  and  it  undoubtedly  acts  as  a  strong  resonator. 
It  would  be  somewhat  rash,  however,  to  say  that  the  most  prominent  res- 
onance vibration  comes  from  this  cavity.  It  may  be  suggested  that  the 
vowel  is  a  complex  of  resonance  tones  of  which  the  pharyngeal  tone 
would  be  one,  the  anterior  mouth  tone  another,  and  so  on. 

The  assumption  of  Pipping*  that  the  chief  resonance  tone  of  the 
vowels  may  be  derived  from  the  resonance  of  the  chest  seems  to  have 
little  justification.  The  tone  of  the  chest  is  a  low  one— my  own  has  a 
frequency  of  about  100  complete  vibrations  a  second — as  can  readily  be 
determined  by  singing  the  scale ;  the  chest  resonance  occurs  •  only  on 
very  low  notes.  Its  low  pitch  can  also  be  heard  by  tapping  the  chest  as 
in  auscultation.  The  chest  possibly  resonates  when  very  low  tones  are 
sung  or  spoken,  but  the  pitch  of  ordinary  speech  is  generally  quite  above  it. 

I  believe  we  shall  not  go  very  far  wrong  if  we  assume  that  the  entire 
mouth  cavity  may  give  rise  to  one  resonance  tone,  the  rear  portion 
(pharyngeal)  to  another  and  the  anterior  portion  to  a  third.  Such  an 
assumption  has  been  made  the  basis  of  my  attempt  on  p.  56  to  explain 
the  formation  oi  ai, 

VI.  The  cord  tone  in  vowels. 

Simple  tones  have  three  fundamental  properties :  pitch,  intensity  and 
duration.  The  so-called  ** timber'*  is  not  a  property  of  simple  tones, 
but  the  resulting  effect  of  combinations  of  tones.  In  the  present  section 
it  is  proposed  to  discuss  the  cord  tone  in  various  vowels  in  regard  to 
pitch  and  intensity.  For  this  purpose  only  the  fundamental  tone  of  the 
vowel  will  be  considered  and  no  regard  will  be  paid  to  the  particular 
form  of  the  curve  resulting  from  the  overtones  of  the  cord  tone  and  the 
superposition  of  the  resonance  tones.  We  will  also  assume  that  the 
vibration  of  the  cords  involves  the  usual  supposition  that  the  force  of 
attraction  to  the  position  of  equilibrium  varies  as  the  distance  from  that 
position."  In  such  a  case  we  can  represent  the  fundamental  tone  by  the 
equation 

1  Pipping,  Zur  Phonetik  d,  finnischen  Sprache^  M6in.  de  la  Soci6t6  finno-ougrienne, 
XTV,  Helsingfors  1899. 
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where  /(/)  is  the  expression  for  the  period  of  the  vibration  and  F{/) 
that  for  the  amplitude.  In  this  general  expression  the  period  and  the 
amplitude  may  be  constant  or  may  vary  with  the  time. 

The  pitch  function, 

A  vowel  during  whose  course  the  pitch  remains  constant  can  be  said  to 
be  of  *'  sustained  *'  pitch.  If  7*  is  the  period  of  vibration  of  the  cords, 
we  have  in  the  ideal  case 

^  =/'(/)  sin  ?J'. 

Vowels  of  sustained  or  constant  pitch  are  not  very  common  in  the 
cases  I  have  studied.  Most  vowels  seem  to  rise  or  fall,  yet  some  of  them 
are  approximately  constant.  The  vowel  /  as  found  in  see,  needle,  ai,  etc. , 
is  approximately  a  sustained  vowel  although  it  generally  falls  slightly. 
The.  following  measurements  of  /'  in  see  are  typical :  2.3,  2.3,  2.4,  2.4, 
2.8*^  ...  to  the  2 2d  vibration,  2.4''  to  the  42d  vibration,  2.1'  to  the  end 
at  the  64th  vibration. 

The  rather  unusual  case  of  two  vowels  of  sustained  pitch  forming  a 
diphthong  is  found  in  the  word  my  of  the  phrase  With  my  bow  and  arrow. 
The  a  has  a  constant  period  of  5.6'  and  the  /  that  of  3.6'  .  The  a  has 
also  a  constant  amplitude  of  0.4"™;  the  /',  beginning  with  0.5""°^,  falls 
to  o  as  usual  in  ai  at  the  end  of  a  word  (see  Section  XL). 

The  diphthong  ai  is  of  nearly  constant  pitch  throughout  most  of  its 
length  in  the  two  cases  of  thy  (Figs.  62,  67). 

Nearly  all  vowels  in  the  earlier  parts  of  words  in  the  record  studied  (p. 
14),  whether  preceded  by  a  consonant  or  not,  are  characterized  by  a  ris- 
ing pitch.  In  such  a  case  the  period  is  not  a  constant  T  but  a  function 
of  the  elapsed  time,  /(/).  A  typical  example  of  this  kind  of  vowel  is 
found  in  the  a  of  ai  (Section  II.).  A  determination  of  the  particular 
form  of /(/)  for  various  vowels  is  a  highly  important  matter,  as  different 
vowels  and  different  manners  of  speaking  are  possibly  characterized  by 
different  forms  of  this  rise  in  pitch.  Some  of  the  cases  of  a  suggest  the 
form  /(/)  =  ^e*"',  a  formula  which  expresses  many  of  the  phenomena 
found  in  nature. 

When  the  rise  in  pitch  (decrease  in  period)  is  proportional  to  the 
elapsed  time,  we  have 

^    X     .  2r/ 

y  =  no  sm  ^^-^^ 

where  T^  is  the  period  of  the  first  vibration  and  m  the  factor  of  propor- 
tionality.    Such  a  vowel  is  found  in  the  a  of  the  4th  example  of /above 
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(p.  28  and  Fig.  29).  During  an  interval  of  i8o<^  its  period  is  shortened 
by  s-s''  ,  or  at  the  rate  of  0.03/.  Its  cord  equation  on  the  suppositions 
made  above  would  be  (in  seconds) 

y  =  F{t)  sm 


9  —  0.03/ 

In  the  latter  portions  of  words  the  vowels  in  the  records  I  have  exam- 
ined are  generally  nearly  constant  in  pitch,  with  often  a  slight  fall  as  the 
intensity  decreases.  Typical  examples  are  found  in  the  cases  of  /  in  ai 
(Section  II.).  This  slight  fall  in  pitch  need  not  necessarily  indicate  a 
relaxation  in  the  tension  of  the  vocal  cords ;  as  the  force  of  the  expired 
current  of  air  decreases,  the  frictional  forces  involved  in  the  cord  vibra- 
tion may  gradually  lengthen  the  period.  Yet  the  amount  of  fall  is  gen- 
erally too  great  to  be  due  to  anything  but  a  relaxation  of  the  cords. 

The  amplitude  function. 

The  intensity  of  a  sound  wave  is  to  be  defined  as  the  amount  of  work 
performed  by  the  passage  of  the  wave  through  a  unit  surface  in  a  unit 
time.     It  is  directly  proportional  to  the  square  of  the  amplitude  and  in- 

■ 

versely  proportional  to  the  period.  Complete  calculations  of  the  inten- 
sity of  vowels  under  various  circumstances  may  eventually  be  made  ;  in 
the  present  investigation,  however,  the  amplitude  has  been  taken  as  the 
most  convenient  index  of  intensity. 

In  the  records  studied  I  have  rarely  found  a  vowel  with  a  constant  am- 
plitude. Vowels  at  the  beginnings  of  words  show  invariably  a  rise  in 
amplitude.  This  rise  may  continue  until  the  vowel  ends  in  some  other 
sound.  Such  is  the  case  in  a  of  ai  (Section  II. ),  and  in  a  of  and  in  thread 
and  needle.  Most  vowels,  however,  rise  to  a  maximum  and  then  fall  ; 
as  is  typically  illustrated  in  ^2  (p.  67).  Such  vowels  might  possibly  be 
called  circumflex  vowels.  Even  in  the  middle  of  the  word  the  vowel  has 
a  tendency  to  the  circumflex  form,  as  is  well  shown  in  most  cases  of  the 
/  of  ai.  The  rise  and  fall  may  be  quite  elaborate  as  in  the  case  of  the 
doubly  circumflex  vowel  o  of  bcyw\  this  long  0,  however,  might  with 
propriety  be  considered  a  molecular  union  of  two  ^*s  in  succession. 

In  a  vowel  of  constant  amplitude  represented  by  the  sinusoidal  vibra- 
tion we  would  have  f(J)  =  a  and 

y  =  <j  sin  -y—^  . 

In  a  rising  vowel  J^(t)  might  take  some  such  form  as  mt,  whence  we 
would  have  y  =  ////  sin       '      . 
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In  a  circumflex  vowel  we  may  assume  the  amplitude  to  be  of  sinusoid 
form  whereby 

i^(/)  =  i?  sin  — 


and 


_  .    z-nt   .     2rt 
Y  ^  is  sm  —  sin 

J     ^^"  J       /(O 


where  £  would  be  the  maximum  amplitude  and  s  the  length  of  the  vowel. 
When  the  pitch  is  constant  the  curve  will  have  the  form 

27r/       2i:f 
y  =  -ff  sin  —  sin  ^-  • 

5  1 

I  have  found  one  vowel,  a  in  said  in  the  line  /,  said  the  sparrow,  that 
can  be  with  close  approximation  considered  as  a  circumflex  vowel  of 
constant  pitch.     Its  equation  is  (in  seconds  and  millimeters) 

2r/  2r/ 


0.5  sm —  sin 


0.108         0.0053 

It  does  not  All  a  complete  period  of  circumflexion  as  it  is  suddenly 
cut  short  by  the  s  of  sparrow. 

Among  the  hundred  or  so  English  vowels  that  I  have  inspected,  I  have 
been  unable  to  And  one  that  can  with  any  close  approximation  be  con- 
sidered as  steady  in  intensity  and  constant  in  pitch.     Thus  a  vowel  of 

2TZt 

the  ioxvci  y  =  <j  sin  —  must  be  a  rare  one.     Some  vowels  during  part  of 

their  course  are  of  this  form,  but  a  change  of  some  kind  seems  character- 
istic at  some  moment.  Even  such  approximations  have  been  found  only 
in  the  interior  of  words,  that  is,  with  boundaries  of  consonants  or  of  vow- 
els with  the  vocal  organs  already  in  action.  It  seems  to  be  the  rule  in 
English  that  a  vowel  following  a  pause  shall  be  a  rising  or  crescendo  one, 
and  one  preceding  a  pause  shall  be  a  falling  or  diminuendo  one. 

Sequence  of  cord  tones. 

There  seems  to  be  for  a  particular  voice  on  a  particular  occasion  cer- 
tain tones  around  which  the  cord  tones  group  themselves.  Boeke  found 
that  in  ordinary  speech  his  cord  tone  ranged  from  181  to  256  complete 
vibrations.  * 

In  the  first  stanza  of  Cock  Robin  the  general  tone  seems  to  be  one  with 
a  period  of  5.3*^  (about  190  vibrations). 

1  Boeke,  Mikroskopische  Phonogramtmtudien^  Arch.  f.  d.  g«s.  Physiol.  (Pflttger), 
1891  L  297. 
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In  addition  to  this  a  tone  with  a  period  of  1,0"  (about  143  vibra- 
tions, making  a  musical  interval  of  a  fourth  below  the  general  tone)  has 
a  tendency  to  appear  for  the  sonants  of  lower  pitch  and  another  tone  with 
a  period  of  1.8'  (about  560  vibrations,  making  a  musical  interval  of  a 
duodecime  above  the  general  tone)  for  the  sonants  of  higher  pitch. 

The  periods  of  the  various  sonants,  as  far  as  I  have  been  able  to  deter- 
mine them  in  this  stanza,  are  given  in  thousandths  of  a  second  by  the 
figures  below  them  in  the  following  quotation  : 

Wh  o      k   i   lied     C   o   ck     R     o    b    i      n 
3.3        1.8  4.2         1.8  5.3      5.6  8.4 

I,         s  ai  d     th  e      sp  a    rr   ow, 
18  to  4       5.3  5.3        5-3  2.8  5.2 

W     i  th      m        y  bow      a  nd      a     rr  ow 

5.32.1         5-3  5-6-3-6      7-0     5-3         422.57.0 

I  k  i  lied     C        o        ck      R     o     b     i     n. 

12  to  4       5.6  7-o^o5-3         3.93.94-25.68.8 

It  may  be  suggested  that  the  melodiousness  of  speech  must  depend  to 
a  great  degree  on  the  musical  sequence  of  the  cord  and  resonance  tones. 

VII.  Verse-analysis  of  the  ist  stanza  of  Cock  Robin. 

As  stated  on  p.  i  these  researches  were  begun  in  order  to  settle  the 
controversy  in  regard  to  the  quantitative  character  of  English  verse.  A 
nursery  rhyme  was  selected  as  being  verse  in  the  judgment  of  all  classes 
of  people  for  many  ages.  When  compared  with  some  of  what  many  of 
us  now  consider  to  be  the  best  verse,  it  shows  various  defects,  but  these 
defects  are  tjrpical  of  the  usual  deviations  from  our  present  standards  and 
are,  moreover,  not  defects  according  to  other  standards.  It  is  also  a  fact 
that  our  notions  of  verse  are  largely  derived  from  the  rhymes  heard  in 
childhood. 

An  analysis  of  the  sounds  of  the  first  stanza  is  given  in  the  four  tables 
on  the  adjacent  pages. 

The  first  column  gives  the  sounds  in  the  phonetic  transcription  used  by 
ViETOR.*  The  second  column  gives  the  duration  of  each  sound  as  de- 
termined by  measurements  of  the  curves  in  the  records  as  described  on 
p.  13.  The  third  column  gives  the  period  of  the  cord  tone,  and  the 
fourth  gives  the  amplitude  of  the  vibration  in  the  tracing  (p.  20),  not 
the  amplitude  of  the  vibration  on  the  gramophone  plate  or  of  the  move- 

iViETOR,  Eiemente  der  Phonetik,  3.  Aufl.,  Leipzig  1894. 
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Line  i :     IVho  killed  Cotk  Robin  f 


1  111       111      iei  :  R£MA«S. 


% 


a 


I 

74 

d 

o 

k 

53 

d 

126 

n 

•y       770 


^10  ^'cry  sboit  sonxid,  not  distingnishable  in  the 

record,  not  orer  lo*^  in  length.     Compare  with  k 
oo  p.  60. 
'^       3'S        ^•4      strong       Forcible  rowel,  large  amplitude  in  earlier  por- 
tion, rises  somewhat  in  pitch,  avenige  period  3.3. 
Compare  with  «  on  p.  63. 
119  Appears  in  the  record  as  a  straight  line. 

154       1.8        0.6      strong       Long  vowel,  large  amplitude  throughout,  double 

circmnflex  in  amplitude  i^p.  93).     The  high  pitch 
of  this  f  is  in  contrast  with  that  of  h'/M  in  the  4th 
*ine  (below) 
1.8        0.1  Compare  p.  65. 

No  sound  of  J  can  be  heard  in  this  record ;  the 
record  plate  speaks  "  Wlio  kUl  Cock  Robin  ?  '* 
AppcMn  in  the  record  as  a  straight  line. 
4.2        0.5      weak  .      Rises  somewhat  in  pitch  to  4.2  in  the  main  por- 
tion, weak  on  account  of  lowness  in  pitch. 
70  The  yibrations  of  the  d  arc  suddenly  cut  short 

by  a  few  vibrations  of  a  different  form  that  rapidly 
decrease  in  amplitude.  In  listening  to  the  record 
platc^lhe  ear  hears  no  glide  between  J  and  A  ;  the 
word  seems  to  be  simply  and  distinctly  k&k  and 
not  k&.ik.  This  glide  seems  to  be,  to  the  ear,  an 
essential  part  of  the  k.  The  cords  are  still  vibrat- 
ing while  the  mouth  is  changing  from  the  J  posi- 
tion to  the  k  position. 
31  Straight  line  measured  from  •  to  r/  there  is  no 

pause  between  k  and  r. 
74       1.8        0.3  Very  distinctly  and  heavily  rolled  r ;  pseudo- 

beats  arc  apparent.     Compare  p.  69. 

140       5-3        0.5      strong       Of  very  low  but  constant  pitch;  steady  rise  in 

intensity  till  the  vowel  is  cut  short  by  b  ;  forcible 
on  account  of  length  and  amplitude. 

4^  '      Straight  line  from  d  to  i.     Compare  p.  67. 

56       5.6        0.3       weak  '      Short  but  distinctly  heard  ;  weak  on  account  of 

shortness,  lowness  and  faintness. 

74       8.4        0.2  Falls  in  pitch  and  amplitude. 
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Line  2  :  /,  said  the  sparrow. 


3  e*?.         'S       • 

^      If,-   |l?    ifi      I 


1       •s-'S    'S-sg    -ee      ^ 

i      ,  g-S     2Lc8     ^ne       i  Remarks. 


e-      =*=-  .    (Ti- 


ll/ 452    18  to  4     0.7      strong       Full  analysis  on  p.  16  ;  strong  by  length,  pitch 

•T  210  of  /  and  amplitude. 

s  ?      '  Very  brief  sound,  no  trace  in  record. 

e  105  <    5.3        0.5      weak        Rather  long  and  loud,  but  low  in  pitch. 

d  81       5.3        0.1  Pitch  falls  from  5.3. 

dh  32  .      ?       >o.l  Very  weak  vibrations. 

a,  84       5.3        0.2    '  weak 

sp  272  Impossible   to    distinguish    between   the    two 

sounds  in  the  tracing ;  the  s  is  heard  as  a  brief 

sound. 
♦  18       1.9        0.4  Distinct  sound  different  from  the  following  a. 

a  170       5-3        05      strong       ConsUnt  very  low  pitch  but  steadily  increasing 

amplitude ;  falls  suddenly  in  intensity  during  50' 

to  r  ;  no  sound  of  .2  as  stated  in  Vietor,  p.  115  ; 

strong  on  account  of  length  and  amplitude. 
r  IZ       2.8        0.2  Clearly  marked  vibrations ;  the  rolling  of  the  r 

can  be  distinctly  heard.     Compare  p.  69. 
o  294       5.2        0.6      strong       Very  long  vowel  of  constant  pitch,  but  of  rising 

and  then  falling   intensity   (p.   93)  ;    strong   by 

length  and  amplitude  ;  followed  without  pause  by 

//  of  next  line 


ment  of  the  cords.  The  fifth  column  gives  what  I  consider  to  be  the 
character  of  each  syllable,  whether  strong  or  weak ;  the  judgment  is 
based  on  the  sound  of  the  gramophone  record,  aided  by  a  study  of  the 

tables. 

The  elements  in  speech  whose  rhythmical  arrangement  is  the  essential 
of  verse  as  contrasted  with  prose  are  :  i,  quality  ;  2,  duration  or  length  : 
3,  pitch  ;  and  4>  intensity.  The  element  of  quality  consists  in  the  na- 
ture of  the  sound  as  a  complex  of  tones  and  noises  producing  a  definite 
effect  as  a  speech-sound.  Length,  pitch  and  intensity  are  pro[>erties  of 
the  speech-sound  that  can  be  varied  without  destroying  its  specific  nature, 
that  is,  without  changing  the  cjuality.  These  four  elements  can  be  varied 
independently. 

It  seems  to  be  sufficiently  well  settled  that,  in  addition  to  variations  of 
quality,  that  is,  of  the  speech -sounds,  the  essential  change  in  Greek  verse 
was  one  of  pitch.     I  have  obser\'ed  a  similar  characteristic  in  Japanese 
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Line  3  :    IVith  my  daw  and  arrow. 


a 
§ 


u 

f 

dh 
m 

a 


•"«  • 

'   a  »"« 

•H  "  S 

'    ex  o 

o  —  w 

'i_ 

108 

60 

56 

74 

179 


-is 

5.3 
2.1 

? 

5.3 
5.6 


eaB 
a     - 


0.2 

0.4 
O.I 

O.I 

0.4 


Remarks. 


:} 


112 
140 

490 
II 


3.6    I   0.5 


} 


7.0    I   0.4      strong 


Amplitude  rises  from  o. 

strong  Circimiflex  sustained  vowel;  compare  p.  94; 
strong  by  pitch  and  amplitude. 

Both  parts  of  this  diphthong  are  nearly  constant 

strong  ^°  P*^^^  ^^^  amplitude  ;  compare  p.  92 ;  strong 
by  length  and  amplitude. 

My  is  followed  by  a  brief  rest  in  order  to  bring 
out  the  i  distinctly.  The  b  makes  no  curves  in 
the  record. 

Extremely  long  vowel  of  very  low  pitch  with 
two  maxima  of  intensity ;  it  might  be  considered 
as  a  close  succession  of  two  ^'s ;  compare  p.  93  ; 
strong  by  length  and  amplitude. 

The  a  begins  at  a  very  low  pitch  7.7  and  rises 
Steadily  to  5.3,  which  is  maintained  throughout 
the  n.  The  form  of  the  curve  for  a  diflfers  from 
that  for  ttf  yet  the  change  is  so  gradual  that  it  is 
impossible  to  assign  any  dividing  line. 

Straight  line  in  the  record. 

This  extra  vowel  arises  from  the  attempt  at  ex- 
tra distinctness  in  speaking. 

Strong  by  length  and  pitch. 

Rolled  r,  brief. 

A  single  vowel  of  circumflex  intensity  ;  com- 
pare p.  93  ;  strong  by  length  and  amplitude. 


verse.  Probably  no  better  way  of  getting  an  idea  of  the  nature  of 
Greek  verse  could  be  found  than  that  of  listening  to  typical  Japanese 
verse.  I  have  also  found  another  form  of  pitch-verse  in  a  kind  of  poet- 
ical dictionary  used  by  the  Turks  for  learning  Persian. 

Latin  verse  was  essentially  a  time- verse,  the  chief  distinction  among 
the  syllables  being  that  of  length  in  addition  to  the  change  in  speech- 
sounds. 

English  verse  is  usually  considered  to  be  an  intensity-verse,  or  a  verse 
of  loud  and  soft  syllables.  The  four  tables  show  quite  evidently  that 
English  verse  is  also  a  pitch-verse  and  a  time-verse. 

It  may  be  said  that  in  all  probability  changes  of  length  and  intensity 
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Line  4:  I  killed  Cock  Robin, 
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strong  ;      Full  analysis  on  p.  22  ;  strong  by  length,  pitch 
of  i  and  amplitude. 
I     Straight  line  in  the  record. 

It  is  impossible  to  assign  any  definite  point  as 
the  limit  between  these  two  sounds  ;  weak,  low  i 
;  in  contrast  to  the  1  in  the  first  line  above. 

This  d  is  distinctly  heard ;  compare  d  in  first 
line  above. 

Additional  vowel  due  to  the  extra  distinctness 
.  in  speaking  the  d ;  it  arises  firom  the  explosive 
I  opening  of  the  mouth  ;  the  pronunciation  of  the 
word  killed  is  different  from  that  in  the  first  line 
I  chiefly  in  the  great  difference  in  pitch  and  in  the 
!  greater  distinctness  of  the  d. 
I  Straight  line  in  the  record 
I     Pitch  rises  from  beginning  to  end. 

See  the  same  word  in  the  first  line  above. 
I      Straight  line  in  the  record. 

The  r  is  more  vowel-like  than  the  correspond- 
>  ing  r  in  the  first  line ;  the  strong  roll  is  not  heard; 
the  curve  of  ro  very  much  resembles  in  period  and 
'amplitude  the  curve  of  an  ai  in  thy  (Fig.  61) 
turned  backward ;  the  period  of  the  cord  tone  is 
practically  constant ;  the  resonance  tone  of  the 
mouth  undergoes  a  continuous  change ;  any  as- 
signment of  a  limit  between  the  two  sounds  must 
be  somewhat  arbitrary ;  the  sound  ro  is  strong  by 
length,  pitch  and  amplitude. 

The  b  cuts  off  suddenly  the  sound  of  0. 
The  f  is  heard,  but  not  so  distinctly  as  in  the 
first  line  above. 

Weak,  low,  diminuendo. 


'  I  strong 


weak 


went  along  with  the  changes  of  pitch  in  Greek  verse  but  that  they  were 
of  minor  importance.  Perhaps,  also,  changes  of  pitch  and  intensity 
likewise  accompanied  the  long  and  short  syllables  in  Latin  verse.  But  I 
do  not  think  that  for  English  verse  we  can  fully  accept  the  analogous 
statement  that,  although  the  changes  in  pitch  and  length  may  be  present, 
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they  are  quite  subordinate  to  the  changes  in  intensity.  It  would,  I  be- 
lieve, be  more  nearly  correct  to  say  that  English  verse  is  composed  of 
strong  and  weak,  or  emphatic  and  unemphatic  syllables  and  that  strength 
can  be  produced  by  length,  pitch  or  intensity. 

The  usual  scansion  of  this  stanza  in  strong  and  weak  syllables  would 
give 


The  three  elements :  length,  pitch  and  intensity,  are  all  used  to  pro- 
duce strength.  Thus  the  forcible  vowel  u  in  Line  i  is  long  and  moder- 
ately high  and  loud. 

The  strength  of  a  syllable  may  be  kept  the  same  by  increasing  one  of 
the  factors  as  another  one  decreases.  The  vowel  o  of  Robin  in  Line  i 
is  strong  on  account  of  its  length  and  intensity,  although  its  pitch  is  low. 
A  syllable  necessarily  short  may  be  made  as  strong  as  a  longer  one  by 
making  it  louder  or  higher ;  or  a  syllable  necessarily  of  small  intensity 
may  be  strengthened  by  lengthening  it  or  raising  its  pitch.  Thus,  the 
short  /  of  With  in  Line  3  is  strong  on  account  of  its  high  pitch  and  large 
amplitude ;  and  the  weak  a  of  arrow  in  Line  3  is  strong  on  account  of 
its  high  pitch  and  its  length.  This  might  be  called  the  principle  of  sub- 
stitution. 

An  increase  in  the  loudness,  length  or  pitch  of  a  syllable  renders  it 
stronger — other  things  being  equal.  Using  the  symbol  /  to  indicate 
dependence  we  may  put  ni  ^=f{x,y,z),  where  ;//  is  the  measure  of 
strength  and  jr,  y  and  z  are  the  measures  of  intensity,  length  and  pitch  re- 
spectively.    This  might  be  called  the  fundamental  principle  of  strength. 

The  study  of  this  and  other  specimens  of  verse  has  made  it  quite  clear 
that  the  usual  concept  of  the  nature  of  a  poetical  foot  is  erroneous  in  at 
least  one  respect.  Lines  in  verse  are  generally  distinct  units,  separated 
by  pauses  and  having  definite  limits.  A  single  line,  however,  is  not 
made  up  of  smaller  units  that  can  be  marked  off  from  each  other.  It 
would  be  quite  erroneous  to  divide  the  first  stanza  of  Cock  Robin  into 
feet  as  follow. 

Who  killed|Cock  Rob|in  ? 

I,  said  the] sparrow. 
With  my  bow|and  ar|row 

I  killedlCock  Rob|in. 

No  such  divisions  occur  in  the  actually  spoken  sounds  and  no  dividing 
points  can  be  assigned  in  the  tracing. 
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The  correct  concept  of  the  English  poetical  line  seems  to  be  that  of  a 
certain  quantity  of  speech-sound  distributed  so  as  to  produce  an  effect 
equivalent  to  that  of  a  certain  number  of  points  of  emphasis  at  definite 
intervals.     The  proper  scansion  of  the  above  stanza  would  be  : 

Who  killed  Cock  Robin  ? 

•  • 

I,  said  the  sparrow , 
With  my  bow  and  arrow 

•  • 

I  killed  Cock  Robin. 

The  location  of  a  point  of  emphasis  is  determined  by  the  strength  of 
the  neighboring  sounds.  It  is  like  the  centroid  of  a  system  of  forces  or 
the  center  of  gravity  of  a  body  in  being  the  point  at  which  we  can  con- 
sider all  the  forces  to  be  concentrated  and  yet  have  the  same  effect.  The 
point  of  emphasis  may  lie  even  in  some  weak  sound  or  in  a  mute  con- 
sonant if  the  distribution  of  the  neighboring  sounds  produces  an  effect 
equivalent  to  a  strong  sound  occurring  at  that  point.  Thus  the  first 
point  of  emphasis  in  the  third  line  lies  somewhere  in  the  group  of  sounds 
tnyboWy  probably  between  y  and  o. 

With  this  view  of  the  nature  of  English  verse  all  the  stanzas  of  Cock 
Robin  can  be  readily  and  naturally  scanned  as  composed  of  two-beat  or 
two-point  lines. 

It  is  not  denied  that  much  English  verse  shows  the  influence  of  quanti- 
tative classical  models,  but  such  an  influence  is  evidently  not  present  in 
Cock  Robin. 

Thanks  are  due  to  Prof.  Hanns  Oertel  who  has  very  kindly  read  most 
of  the  proof  of  this  article ;  he  has  enriched  it  by  various  suggestions 
particularly  in  regard  to  the  //  discussed  on  p.  60. 
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Two  entirely  different  forms  of  regularly  repeated  action  are  to  be 
distinguished.  In  one  form  the  subject  is  left  free  to  repeat  the  move- 
ment at  any  interval  he  may  choose.  This  includes  such  activities  as 
walking,  running,  rowing,  beating  time,  and  so  on.  A  typical  exper- 
iment is  performed  by  taking  the  lever  of  a  Marev  tambour  between 
thumb  and  index  finger  and  moving  the  arm  repeatedly  up  |ind  down ; 
the  recording  tambour  writes  on  the  drum  the  curve  of  movement.  An- 
other experiment  consists  in  having  the  subject  tap  on  a  telegraph  key 
or  on  a  noiseless  key  and  recording  the  time  on  the  drum  by  sparks  or 
markers.  Other  experiments  may  be  made  with  an  orchestra  leader's 
baton  having  a  contact  at  the  extreme  end,  with  a  heel  contact  on  a  shoe, 
with  dumb-bells  in  an  electric  circuit,  and  so  on.  For  this  form  of  ac- 
tion I  have  been  able  to  devise  no  better  name  than  "  free  rhythmic 
action. '  * 

In  contrast  with  this  there  is  what  may  be  called  **  regulated  rhythmic 
action. ' '  This  is  found  in  such  activities  as  marching  in  time  to  drum- 
beats, dancing  to  music,  playing  in  time  to  a  metronome,  and  so  on.  A 
typical  experiment  is  that  of  tapping  on  a  key  in  time  to  a  sounder- 
click,  the  movement  of  the  finger  being  registered  on  a  drum. 

Regulated  rhythmic  action  differs  from  free  rhythmic  action  mainly  in 
a  judgment  on  the  part  of  the  subject  concerning  the  coincidence  of  his 
movements  with  the  sound  heard  (or  light  seen,  etc.).  This  statement, 
if  true,  at  once  brushes  aside  all  physiological  theories  of  regulated  rhyth- 
mic action.  One  of  these  theories  is  based  on  the  assumption  (Ewald) 
that  the  labyrinth  of  the  ear  contains  the  tonus-organ  for  the  muscles  of 
the  body.  It  asserts  that  vibrations  arriving  in  the  internal  ear  affect  the 
whole  contents,  including  the  organ  for  the  perception  of  sound  and  the 
tonus-organ.  Thus,  sudden  sounds  like  drum-beats  or  emphasized  notes 
would  stimulate  the  tonus-organ  in  unison,  whereby  corresponding  im- 
pulses would  be  sent  to  the  muscles.  This  theory  has  very  much  in  its 
favor.  It  is  undoubtedly  true  that  such  impulses  are  sent  to  the  muscles. 
Thus  at  every  loud  stroke  of  a  pencil  on  the  desk  I  can  feel  a  resulting 
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contraction  in  the  ear  which  I  am  inclined  to  attribute  to  the  M.  tensor 
tympani.  Likewise  a  series  of  drum -beats  or  the  emphasized  tones  in 
martial  or  dance  music  seem  to  produce  twitching  in  the  legs.  FfeRfe  has 
observed  that,  in  the  case  of  a  hysterical  person  exerting  the  maximum 
pressure  on  a  dynamometer,  the  strokes  of  a  gong  are  regularly  followed 
by  suddenly  increased  exertions.  Nevertheless,  these  twitchings  are  not 
the  origin  of  the  movements  in  regulated  rhythmic  action.  For  many 
years  I  have  observed  that  most  persons  regularly  beat  time  just  before  ^ 
the  signal  occurs ;  that  is,  the  act  is  executed  before  the  sound  is  pro- 
duced. Records  of  such  persons  have  been  published,^  but  their  appli- 
cation to  the  invalidation  of  the  tonus-theory  was  first  suggested  by  Mr. 
Ishiro  MiYAKE.  This  does  not  exclude  the  use  of  muscle  sensations,  de- 
rived from  tonus-twitches,  in  correcting  movements  in  regulated  rhyth- 
mic action,  although  they  presumably  play  a  small  or  negligible  part  as 
compared  with  sounds. 

Another  argument  in  favor  of  the  subjective  nature  of  regulated  rhyth- 
mic action  is  found  in  the  beginning  of  each  experiment  on  a  rhythm  of 
of  a  new  period ;  the  subject  is  quite  at  loss  for  a  few  beats  and  can  tap 
only  spasmodically  until  he  obtains  a  subjective  judgment  of  the  period. 
If  the  tonus-theory  were  correct,  he  should  tap  just  as  regularly  at  the 
start  as  afterward. 

The  conclusion  seems  justified  that  regulated  rhythmic  action  is  a 
modified  free  rhythmic  action,  whereby  the  subject  repeats  an  act  at  what 
he  considers  regular  intervals,  and  constantly  changes  these  intervals  to 
coincide  with  objective  sounds  which  he  accepts  as  objectively  regular. 

In  free  rhythmic  action  there  is  one  interval  which  on  a  given  oc- 
casion is  easiest  of  execution  by  the  subject.  This  interval  is  continu- 
ally changing  with  practice,  fatigue,  time  of  day,  general  health,  exter- 
nal conditions  of  resistance,  and  so  on. 

**  It  has  long  been  known  that  in  such  rhythmic  movements  as  walk- 
ing, running  etc.,  a  certain  frequency  in  the  repetition  of  the  movement 
is  most  favorable  to  the  accomplishment  of  the  most  work.  Thus,  to  go 
the  greatest  distance  in  steady  traveling  day  by  day  the  horse  or  the 
bicyclist  must  move  his  limbs  with  a  certain  frequency ;  not  too  fast, 
otherwise  fatigue  cuts  short  the  journey,  and  not  too  slow,  otherwise  the 
journey  is  made  unnecessarily  short.  This  frequency  is  a  particular  one 
for  each  individual  and  for  each  condition  in  which  he  is  found.  Any 
deviation  from  this  particular  frequency  diminishes  the  final  result.'* 

It  is  also  a  well-known  fact  that  one  rate  of  work  in  nearly  every  line 
is  peculiar  to  each  person  for  each  occasion,  and  that  each  person  has 

>  Scripture,  New  Psychology,  182,  London  1897. 
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his  peculiar  range  within  which  he  varies.  Too  short  or  too  long  a 
period  between  movements  is  more  tiring  than  the  natural  one  in  walk- 
ing, running,  rowing,  bicycling,  and  so  on. 

It  is  highly  desirable  to  get  some  definite  measurement  of  the  difficulty 
of  a  free  rhythmical  action.  This  cannot  well  be  done  by  any  of  the 
methods  applicable  to  the  force  or  quickness  of  the  act,  but  it  may  be 
accomplished  in  the  following  manner. 

As  a  measure  of  the  irregularity  in  a  voluntary  act  we  may  use  the 
probable  error.  When  a  series  of  measurable  acts  are  performed  they 
will  differ  from  one  another,  if  the  unit  of  measurement  is  fine  enough. 
Thus,  let  x\j  .V,,  •••,  x^  be  successive  intervals  of  time  marked  off  by  a 
subject  beating  time,  or  walking,  or  running,  at  the  rate  he  instinctively 
takes.     The  average  of  the  measurements, 
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can  be  considered  to  give  the  period  of  natural  rhythm  under  the  cir- 
cumstances. The  amount  of  irregularity  in  the  measurements  is  to  be 
computed  according  to  the  well-known  formula : 


\v,^  4-  v;'  -f  -  -f  7; 
^       \'  //  —  I 


where  z\  =  x^  —  a,  7\^^=x^  —  ^r,  •••,  f^  =  .v^  —  a.  The  quantity  /  is 
known  as  the  **  probable  error,"  or  the  **  probable  deviation."  The 
quantity 
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the  ''  relative  probable  error,"  expresses  the  probable  error  as  a  fraction 
of  the  average. 

If  all  errors  in  the  apparatus  and  the  external  surroundings  have  been 
made  negligible,  this  ** probable  error"  is  a  personal  quantity,  a  char- 
acteristic of  the  irregularity  of  the  subject  in  action.  If,  as  may  be 
readily  done,  the  fluctuations  in  the  action  of  the  limbs  of  the  subject 
be  reduced  to  a  negligible  amount,  this  probable  erroi"  becomes  a  central, 
or  subjective,  or  psychological,  quantity.  Strange  as  it  may  appear, 
psychologists  have  never  understood  the  nature  and  the  possibilities  of 
the  probable  error  (or  of  the  related  quantities  **  average  deviation," 
** mean  error,"  etc.).  In  psychological  measurements  it  is — when  ex- 
ternal sources  of  fluctuation  are  rendered  negligible — an  expression  for 
the  irregularity  of  the  subject's  mental  processes.     Nervous  or  excitable 
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people  invariably  have  large  relative  probable  errors  ;  phlegmatic  people 
have  small  ones. 

Thus  a  person  with  a  probable  error  of  25%  in  simple  reaction  time 
will  invariably  have  a  large  error  in  tapping  on  a  telegraph  key,  in  squeez- 
ing a  dynamometer,  and  so  on.  I  have  repeatedly  verified  this  in  groups 
of  students  passing  through  a  series  of  exercises  in  psychological  measure- 
ments. I  do  not  believe  it  going  too  far  to  use  the  probable  error  as  a 
measure  of  a  person's  irregularity.  This  is  equivalent  to  asserting  that  a 
person  with  a  probable  error  twice  as  large  as  another's  is  twice  as  irreg- 
ular, or  that  if  a  person's  probable  error  in  beating  time  at  one  interval 
is  /-J  and  at  another  interval  r,,  his  irregularity  is  r^  times  as  great  in  the 
second  case  as  in  the  first.  This  concept  is  analogous  to  that  of  preci- 
sion in  measurements.  We  might  use  the  reciprocal  of  the  probable  error 
as  a  measure  of  regularity.  The  positive  concept,  however,  is  in  most 
minds  the  deviation,  variation  or  irregularity,  and  not  the  lack  of  devia- 
tion, the  non-variability,  or  the  regularity.  In  the  case  of  the  word  **  ir- 
regularity "  the  negative  word  is  applied  to  a  concept  that  is  naturally 
positive  in  the  average  mind. 

The  irregularity  in  an  act  is  a  good  expression  of  its  difficulty.  Thus, 
if  a  person  beating  time  at  the  interval  T  has  an  irregularity  measured  by 
the  probable  error  P  and  at  the  interval  /  a  probable  error  p  it  seems  jus- 
tifiable to  say  that  the  interval  /  is-^  times  as  difficult  as  T.     If  T'is  the 

natural  interval  selected  by  the  subject,  then  the  artificial  interval  /  would 
be  more  difficult  than  Ty  and  we  should  measure  the  difficulty  by  com- 
paring probable  errors. 

It  is  now  possible  to  state  with  some  definiteness  the  law  of  difficulty 
for  free  rhythmic  action.  Let  T'be  the  natural  period  and  let  its  prob- 
able error — that  is,  its  difficulty — be  P.  It  has  already  been  observed 
(Science,  1896,  N.  S.  IV  535),  that  any  other  larger  or  smaller  period 
(slower  or  faster  beating)  will  be  more  difficult  than  the  natural  one  and 
will  have  a  larger  probable  error.  Thus  any  interval  /  will  have  a  prob- 
able error  /  which  is  greater  than  P,  regardless  of  whether  /  is  larger  or 
smaller  than  T. 

Three  years  ago  (Science,  as  above)  I  promised  a  complete  expression 
for  this  law.  Continued  observations  during  this  time  enable  me  to  give 
an  idea  of  its  general  form.  The  results  observed  can  be  fairly  well  ex- 
pressed by  the  law 


